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Abstract 27 

All animals live in tight association with complex microbial communities, yet studying 28 

the effects of individual bacteria remains challenging. Bacterial feeding nematodes 29 

are powerful systems to study host microbe interactions as worms can be grown on 30 

monoxenic cultures. Here, we present three different types of resources that may 31 

assist future research of cross-species interactions in the nematode Pristionchus 32 

pacificus, but also in other organisms. First, by sequencing the genomes of 84 33 

Pristionchus-associated bacteria, we establish a genomic basis to study host 34 

microbe interactions and we demonstrate its utility to identify candidate pathways in 35 

the bacteria affecting chemotaxis behavior and survival in the nematodes. Second, 36 

we generated nematode transcriptomes of P. pacificus nematodes on 38 bacterial 37 

diets and characterized 60 coexpression modules with differential responses to 38 

environmental microbiota. Third, we link the microbial genome and host 39 

transcriptome data by predicting a global map of more than 2,800 metabolic 40 

interactions. These interactions represent statistical associations between variation 41 

in bacterial metabolic potential and differential transcriptomic responses of 42 

coexpression modules in the nematode. Analysis of the interactome identifies 43 

several intestinal modules as the primary response layer to diverse microbiota and 44 

reveals a number of broadly conserved metabolic interactions. In summary, our 45 

study establishes a multiomic framework for future mechanistic studies in P. 46 

pacificus and may also be conceptually transferred and reimplemented in other 47 

organisms in order to investigate the evolution of the host microbe interactome.  48 

 49 
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Introduction 53 

The human gut microbiome exemplifies the intricate associations between 54 

organisms and bacteria, highlighting the complexity of cross-kingdom interactions 55 

and their impact on host development and disease. These interactions are 56 

influenced by the heterogeneity of the gut microbiome, as well as variations in host 57 

diet and genetic background, making them challenging to study. In recent years, the 58 

nematodes Caenorhabditis elegans and Pristionchus pacificus have emerged as a 59 

powerful model for investigating host–microbiota interactions. These models allow 60 

for detailed examination of individual interactions through the use of monoxenic 61 

bacterial cultures, where worms are grown on single bacterial strains (Zhang et al. 62 

2017; Akduman et al. 2020). Both nematodes engage with bacteria in multiple ways: 63 

they are bacterial feeders, typically consuming the Escherichia coli OP50 strain in 64 

laboratory settings, and the bacterial diet significantly influences its development, as 65 

exemplified by the vitamin B12 production by Comamonas that impacts C. elegans 66 

development (Watson et al. 2014). Moreover, both nematodes harbor complex 67 

microbiomes in their natural habitat, with certain bacteria enhancing the host's fitness 68 

under stress (Dirksen et al. 2016; Slowinski et al. 2020; Lo et al. 2022; Meyer et al. 69 

2017). While many of the previous studies focused on understanding individual 70 

interactions at a mechanistic level (Watson et al. 2014; Iatsenko et al. 2014; 71 

Akduman et al. 2020), we lack a broad overview of the global landscape of 72 

interactions between nematodes and bacteria. Recently, we have started to 73 

characterize transcriptomic profiles of P. pacificus nematodes in response to diverse 74 
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microbiota and used them to test the hypothesis that the adaptation to novel 75 

microbiota might be facilitated by the evolution of novel genes (Athanasouli et al. 76 

2023). This revealed evidence that novel genes might be preferentially integrated 77 

into specific environmentally responsive networks. However, we have very little 78 

understanding about what environmental signals these networks are sensing. In this 79 

study, we characterize bacterial metabolic variation as well as variation in nematode 80 

gene networks that respond to these bacteria. Applying a systems biology approach, 81 

we compile the first cross-species interactome of P. pacificus by statistically linking 82 

bacterial genomic and nematode transcriptomic data. 83 

      84 

Results 85 

Sequencing of 84 bacteria establishes the genomic basis to study host 86 

microbe interactions 87 

In order to establish a phylogenomic framework that could be used to study 88 

differential effects of bacteria on P. pacificus nematodes, we sequenced 84 strains 89 

from a large bacterial collection isolated previously from Pristionchus-associated 90 

environments (Akduman et al. 2018). This collection mostly comprised 91 

Proteobacteria as well as some members of the phyla Firmicutes, Actinobacteria, 92 

and Bacteroidetes which are among the most abundant bacteria found in 93 

Pristionchus nematodes and their beetle hosts (Meyer et al. 2017). 84 bacterial 94 

strains were selected for whole genome sequencing based on criteria such as fast 95 

growth, ease of DNA extractions, and low propensity to contamination. 96 

(Supplemental Table S1). The resulting genome assemblies were highly complete as 97 

indicated by a median single-copy BUSCO completeness of 99% with an 98 
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interquartile range (IQR) of 98-100%. The largest parts of the bacterial genomes 99 

could be assembled into contigs spanning more than 100 kb. Specifically, the N50 100 

value, which indicates the minimum contig length among the largest contigs that 101 

account for at least half of the genome, was 324 kb (IQR=107-498 kb) and median 102 

genome assembly size was 4.9 Mb (IQR=4.4-5.6 Mb). Gene annotation yielded a 103 

median of 4,562 gene models per assembly (IQR=4,184-5,225) with a median 104 

single-copy BUSCO completeness level of 99% (IQR=98-100%). A complete 105 

overview of these different quality measures can be found in Supplemental Table S1. 106 

This set of bacterial genomes builds the basis for the current and future studies 107 

investigating host microbe interactions in the Pristionchus system. 108 

 109 

Pristionchus-associated microbiota harbor previously uncharacterized 110 

bacterial strains  111 

The predicted proteomes of all 84 genomes were taken to reconstruct a bacterial 112 

phylogeny (see Methods) (Fig. 1). The different lineages were mostly consistent with 113 

previous genus assignments based on 16S sequencing (Akduman et al. 2018). To 114 

more accurately classify the strains, we performed homology searches against the 115 

non-redundant version of NCBI and determined the nomenclature of our bacteria by 116 

assigning each strain to the bacterial genus with the majority of best hits 117 

(Supplemental Table S2). During this process, we observed a low median 118 

percentage of identity (<90%) for the strains Sphingobacterium L2, Pseudomonas 119 

L74 and Erwinia V71 to their respective best hits in NCBI. In addition, we were 120 

unable to definitively determine the genus for the closely related strains V69 and 121 

V91, despite a median identity with available Phytobacter genomes of 90.6% and 122 
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96% respectively. We hypothesized that these bacterial strains could either 123 

represent novel isolates or have no associated whole genome sequencing data in 124 

the NCBI database. Therefore, we searched the literature for recent, comprehensive 125 

phylogenies of these genera (Brady et al. 2022; Girard et al. 2021; Kakumanu et al. 126 

2021; Smits et al. 2022) and recreated species phylogenies including our strains and 127 

their best hits in the NCBI database. The reconstructed phylogenies for the three 128 

bacterial strains with low median identity (L2, L74, V71) revealed that our strains are 129 

outgroups to the clusters containing their best hits in their respective phylogenetic 130 

trees but were still more closely related to them compared to any other genus 131 

(Supplemental Fig. S1). The reconstructed phylogeny including the two strains V69 132 

and V91 exhibited the same patterns and indicated that both bacteria should be 133 

classified as Phytobacter strains (Supplemental Fig. S1). These findings support that 134 

Pristionchus-associated microbiota constitute a previously undersampled 135 

environment that harbors novel bacterial strains and species. 136 

 137 

More than 1000 metabolic pathways vary across the bacterial collection  138 

In order to characterize the variation of metabolic potential among members of the 139 

Pristionchus-associated microbiota, we reconstructed metabolic networks for the 84 140 

bacterial genomes with the gapseq approach using existing pathway information 141 

from the MetaCyc database (Caspi et al. 2012; Zimmermann et al. 2021). MetaCyc 142 

was preferred to KEGG due to the higher detail it offers with regards to the available 143 

pathways. The gapseq pipeline considers a pathway to be present if at least 80% of 144 

the reaction or at least two thirds of the key reactions can be found (Zimmermann et 145 

al. 2021). This can lead to false negative calls in cases of incompletely annotated 146 
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pathways. Similarly, relying on genomic data can lead to false positive calls in cases 147 

where a pathway is present, but not active under the tested condition. However, both 148 

effects should be mitigated by the high number of bacterial genomes in our 149 

collection. We then investigated the absence/presence patterns of metabolic 150 

pathways among the 84 bacteria and defined metabolic pathways groups (MPGs) 151 

based on identical patterns (Fig. 2). This reduced the number of total metabolic 152 

pathways from 2,902 (Supplemental Table S3) to 715 MPGs. The two most 153 

abundant MPGs denote 1,832 and 45 individual pathways that are either absent or 154 

present in all strains (Fig. 2), respectively. While most pathways that were not 155 

detected in our data correspond to pathways that are known only from eukaryotes, 156 

examples of the core metabolic pathways that were annotated in all strains relate to 157 

the TCA cycle, biosynthesis of several amino acids as well as fatty acid biosynthesis 158 

and elongation pathways, pointing towards necessary pathways for the survival of 159 

bacterial cells (Supplemental Table S3). The third most abundant pathway group 160 

MPG 3 denotes 13 pathways that were not found in Enterococcus casseliflavus 161 

strain TSA3A which is one of only three Gram positive strains in our collection (Fig. 162 

1). Its genome assembly has good contiguity (N50=234kb) and is highly complete 163 

(BUSCO completeness = 98%), which suggests that this pattern is unlikely due to a 164 

lower quality of this particular genome. Other MPGs show strong phylogenetic 165 

signatures such as MPG 7 and 13 that are restricted to the genera Achromobacter 166 

and Pseudomonas, respectively. We would therefore conclude that most of the 167 

variation in metabolic potential reflects genome evolution rather than technical 168 

differences. To explore the amount of metabolic variation across the bacterial 169 

phylogeny, we counted the number of pathway differences for pairwise comparison 170 

within and across genera. This showed significantly fewer differences in the 171 
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metabolic potential for strains of the same genus (Supplemental Fig. S2). However, 172 

even strains of the same genus can differ in dozens of metabolic pathways, which 173 

can potentially explain the previously observed variability in the transcriptomic 174 

profiles and other phenotypes of P. pacificus nematodes in response to different 175 

bacteria from the same genus (Akduman et al. 2018; Athanasouli et al. 2023). 176 

Overall, this analysis revealed 1,025 metabolic pathways that exhibit absence 177 

presence variation in our bacterial collection.  178 

 179 

Interspecies association studies identify candidate pathways affecting 180 

nematode survival and chemotaxis behavior 181 

During the initial culture-based characterization of Pristionchus-associated 182 

microbiota, Akduman et. al. performed assays for chemotaxis behavior and survival 183 

with over a hundred bacterial strains (Akduman et al. 2018), many of which are part 184 

of our collection (Fig. 3A). In a pilot experiment, we employed our phylogenomic data 185 

to screen for candidate pathways, and their associated metabolic products, that 186 

could possibly impact nematode survival and chemotaxis behavior. To this end, we 187 

tested for associations between the presence or absence of an MPG with the 188 

behavioral and survival phenotypic data mentioned above. With this strategy, we 189 

identified 24 MPGs exhibiting significant association with chemotaxis (P < 0.05, 190 

Wilcoxon-test, Supplemental Fig. S3; Supplemental Table S4) and 40 MPGs that are 191 

associated with survival (Fig. 3B; Supplemental Fig. S3;  Supplemental Table S5). 192 

Among these candidate pathways, chitin degradation represents one of the 193 

pathways that has previously been shown to contribute to pathogenicity of certain 194 

bacteria (Chen et al. 2015; Zhang et al. 2014). However, the most dramatic 195 

difference in survival is associated with the presence or absence of the 196 
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paerucumarin and rhabduscin biosynthesis pathways. Both pathways are partially 197 

overlapping and rhabduscin as well as coumarin derivatives have previously been 198 

reported to exhibit nematicidal activity (Abebew et al. 2022; Guo et al. 2018; Molnar 199 

et al. 2017; Ibrahim et al. 2024). However, to our knowledge, bacterial production of 200 

coumarin derivatives has never been linked to pathogenicity against nematodes 201 

(Kurz et al. 2003). To complement this analysis with an additional screen for other 202 

virulence factors, we combined the predicted proteomes of the 84 bacteria with the 203 

virulence factor database (VFDB) (Liu et al. 2022) and performed a similar 204 

association study. This yielded 15 orthologous clusters with significant association (P 205 

< 0.05, Wilcoxon-test), among which members of the paerucumarin biosynthesis 206 

gene cluster showed the strongest and most consistent effect (Supplemental Fig. 207 

S4). Closer examination of the presence of these genes in our data set revealed that 208 

these orthologs are exclusively present in some strains of the genus Serratia. Since 209 

the paerucumarin gene cluster has been initially characterized in Pseudomonas 210 

(Clarke-Pearson and Brady 2008), it is not known if the homologs of those genes in 211 

Serratia will produce exactly the same compound. Thus, hypothesizing that 212 

paerucumarin, rhabduscin, or similar metabolites could contribute to the 213 

pathogenicity of Serratia strains, we tested three coumarin-derivatives: 4-214 

hydroxycoumarin, 7-methoxycoumarin, and Xanthotoxin for their effect against P. 215 

pacificus. All three compounds are commercially available and have previously been 216 

shown to possess some nematicidal activity in other species (Abebew et al. 2022; 217 

Guo et al. 2018; Molnar et al. 2017). Among those, 7-methoxycoumarin and 218 

Xanthotoxin caused substantial lethality at 1mM concentrations (P < 0.05, t-test, Fig. 219 

3C). This supports that some coumarin derivatives have nematicidal activity against 220 

P. pacificus and that such compounds could potentially contribute to the increased 221 
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pathogenicity of Serratia strains. However, further experimental validation is needed 222 

to elucidate the underlying pathways and confirm causality. 223 

 224 

Transcriptomic profiles of P. pacificus worms on 38 bacteria establish a 225 

catalog of molecular phenotypes  226 

Having demonstrated the utility of the bacterial genomes to uncover candidate 227 

pathways impacting nematode survival and behavior, we complement the existing 228 

genomic data with phenotypic data that reflects the regulatory and metabolic 229 

response networks in the worm. To this end, we generated nematode transcriptome 230 

profiles for a subset of 38 dietary bacteria that belong to the three classes, Alpha-, 231 

Beta- and Gammaproteobacteria, and represent 16 genera. These 38 bacteria were 232 

selected as they supported complete development from egg to adult for at least two 233 

generations, which was not the case for all the strains. For each bacterial strain, we 234 

generated two biological replicates by collecting F1 worms 72 hours after egg-laying 235 

(see Methods). While most animals should have reached adulthood at this time 236 

under standard E. coli OP50 diet (Sun et al. 2021), some bacterial diets either 237 

accelerate or slow down development leading to a shift of the transcriptomic profiles 238 

towards either older or younger developmental stages (Athanasouli et al. 2023; 239 

Akduman et al. 2020). We decided to sequence the transcriptomes of mixed-stage 240 

populations as we had previously observed that even when adult worms are 241 

manually picked from plates, a strong developmental signature is still visible in the 242 

resulting RNA-seq data. This is because worms will still develop at different speeds 243 

and chronological age might not necessarily correspond to developmental age 244 

(Athanasouli et al. 2023). As a consequence, differences in stage composition likely 245 

explain the larger extent of transcriptomic variation in our study, i.e. quite a number 246 
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of samples showed correlation coefficients r < 0.9 (Supplemental Fig. S5), which was 247 

not the case in our previous study (Athanasouli et al. 2023). Generally, we observed 248 

that biological replicates of the same bacterial diet exhibit significantly less variation 249 

than transcriptomic profiles from different bacterial diets (Supplemental Fig. S5). 250 

With regard to the taxonomic grouping of the bacteria, we observe that bacterial 251 

strains of the same genus show more similar transcriptomic responses in the worms 252 

than members of different genera (Supplemental Fig. S5). In summary, our 253 

transcriptomic data represents molecular phenotypes of P. pacificus nematodes that 254 

exhibit considerable variation in response to diverse microbiota. 255 

    256 

Specific network modules respond to signals from diverse bacteria  257 

While the above-mentioned transcriptomic analysis captures overall transcriptomic 258 

similarities, specific effects of individual bacteria might be overshadowed by global 259 

patterns. To investigate the effects of individual bacteria on smaller gene sets that 260 

may represent specific regulatory or metabolic network modules, we constructed a 261 

gene coexpression network from the newly generated RNA-seq data following our 262 

previously established protocol (see Methods). Overall, our coexpression network 263 

captures 24,375 (84%) of P. pacificus genes, of which 13,972 are found in the 60 264 

largest modules with more than 20 genes (Supplemental Table S6). To test for the 265 

consistency between the current and the previously generated coexpression network 266 

(Athanasouli et al. 2023), we compared the gene set overlap between modules of 267 

both studies (Supplemental Fig. S6). Although the current study spans a wider 268 

developmental range than our previous study, the majority of modules from the 269 

current network match only a single module in the previous network. Specifically, the 270 
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two largest modules (modules 1 and 2) of both networks appear to correspond to 271 

each other. This supports that the construction of coexpression networks is largely 272 

robust with regard to the underlying transcriptomic data set. Visualization of 273 

expression values in these modules across the different microbiota demonstrated 274 

that individual modules are induced by specific bacteria (Fig. 4). For example, the 275 

second largest module 2 shows high expression on most Pseudomonas strains 276 

whereas module 7 exhibits highest expression only on the Pseudomonas protegens 277 

strain LRB88. Note that some of these patterns may represent indirect effects of 278 

altered development on diverse bacterial diets. This is shown by distinct expression 279 

signatures of specific coexpression modules when overlaying them with the 280 

developmental transcriptomic data of P. pacificus (Supplemental Fig. S7) (Sun et al. 281 

2021). For example, module 1 peaks late in development close to adulthood and is 282 

slightly preceded by a peak of module 2. However, no matter if the expression of 283 

those genes is a direct or indirect consequence, it can be interpreted as a specific 284 

response of P. pacificus nematodes to a distinct microbiota (Athanasouli et al. 2023). 285 

Thus, different bacterial diets induce specific transcriptomic responses of diverse 286 

modules. 287 

     288 

Most coexpression modules can be functionally labeled 289 

The biological interpretation of coexpression modules requires their functional 290 

annotation. Given that roughly one third of P. pacificus genes have no detectable 291 

homologs in C. elegans (Athanasouli et al. 2023) and that detailed experimental 292 

studies have revealed distinct functions of highly conserved genes (Theska and 293 

Sommer 2024; Moreno et al. 2016), the ability to functionally annotate gene sets 294 

based on conservation alone is limited. Therefore, we integrated multiple data sets to 295 
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functionally annotate the top 60 modules of the network by performing enrichment 296 

analyses. This included overrepresentation of protein domains (Mistry et al. 2021), 297 

regionally enriched genes as identified from spatial transcriptomics (Rödelsperger et 298 

al. 2021), KEGG pathways (Kanehisa and Goto 2000), and previous gene 299 

expression studies focusing on sex-biased genes (Rödelsperger et al. 2018), 300 

intestinal transcriptome (Lightfoot et al. 2016), and developmental oscillations (Sun 301 

et al. 2021) (Supplemental Table S7). This allowed the labeling of 50 modules with 302 

biological terms based on the strongest enrichment patterns (Fig. 5; Supplemental 303 

Table S8). For example, the largest module 1 (OOGEN_1) is overrepresented in 304 

hermaphrodite-biased and gonad-enriched genes, which indicates that it largely 305 

represents oogenesis (Fig 5; Supplemental Table S8). This is further supported by 306 

the expression of germline markers like spo-11, dmc-1, hcp-4 (cenp-c), syp-4, and 307 

hop-1 (Rillo-Bohn et al. 2021). However, module 1 also contains neuropeptides and 308 

head-enriched genes suggesting that also a portion of neuronal genes are captured 309 

in this module. The second largest module 2 (SPERM_2) seems to be more 310 

homogenous, as all overrepresented terms point towards spermatogenesis (Fig. 6). 311 

The assignments of module 1 and 2 are also in line with the module comparison with 312 

our previous study (Supplemental Fig. S6) and the developmental signature of both 313 

modules (Supplemental Fig. S7) as sperm are generated during late larval 314 

development whereas oocytes are produced during adulthood (Rudel et al. 2005). 315 

While many modules could only be associated with broad terms such as 316 

developmental oscillations or hermaphrodites, some individual modules can be 317 

assigned to very specific pathways or anatomical regions. For example, module 36 318 

(GLAND_36) is strongly associated with gland cell specific expression 319 

(Sieriebriennikov et al. 2020). We used the transcriptomic responses to different 320 
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bacteria to arbitrarily label a handful of modules that did not show any enrichment in 321 

the above-mentioned data set (Supplemental Table S8). Thus, module 13 322 

(LRB7_13) is strongly upregulated on Serratia quinivorans strain LRB7 and module 323 

27 (LRB111_27) exhibits highest expression on Proteus terrae strain LRB111 (Fig. 324 

4). Altogether, the characterization of the 60 largest coexpression modules 325 

functionally annotates a large portion of the P. pacificus gene set which includes 326 

many lineage-specific genes for which no homologs are known in C. elegans (Lo et 327 

al. 2024; Athanasouli et al. 2023). This data will be helpful to link specific 328 

transcriptomic responses to biological processes in the worm. 329 

        330 

Linking bacterial pathways to coexpression modules predicts a global map of 331 

metabolic interactions  332 

A main goal of this study was to test if we can trace the transcriptomic response of 333 

individual coexpression modules in P. pacificus to candidate metabolic pathways in 334 

the bacteria. Hereby, we define such links as statistical associations between 335 

variations in bacterial metabolic potential with differential responses of coexpression 336 

modules in the worms. To this end, we combined the bacterial MPGs and the 337 

nematode coexpression modules into a bipartite network and calculated the 338 

interaction of each MPG with a given coexpression module based on the significance 339 

of the overlap between the genes within a coexpression module and the genes that 340 

exhibit differential expression in response to the absence or presence of an MPG. 341 

This predicted a cross-species interactome of 2,852 metabolic interactions (6.7% of 342 

all possible interactions) that involved 620 (86%) MPGs and 42 coexpression 343 

modules (Supplemental Table S9; Fig. 6A). Given that such a high number of MPGs 344 

are associated with a transcriptomic response of at least one coexpression module 345 
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suggests that nematodes are highly sensitive to changes in dietary composition and 346 

that altered concentrations of most metabolites will have molecular consequences. 347 

The bacterial biosynthesis pathway that had the highest number of interactions 348 

produced phosphatidylcholine (PWY-6826) which was recently proposed as a key 349 

player regulating lipid homeostasis in C. elegans (Laranjeira et al. 2024). Within the 350 

interactome, we identified other metabolites and associated pathways that had 351 

already been implicated in regulating various traits in C. elegans and other 352 

nematodes. Thus, arginine and ornithine have been recently shown to affect 353 

reproductive fitness in C. elegans and parasitic nematodes (Venzon et al. 2022) and 354 

are also predicted to affect module OOGEN_1 (Supplemental Table S9). Similarly, 355 

intermediate metabolites of the pyrimidine pathways have been shown to affect 356 

reproduction and lifespan (Wan et al. 2019). Thus, although the complete cross-357 

species interactome just represents predicted interactions that need to be validated 358 

using classical genetic approaches, it captured specific metabolites that have been 359 

previously shown to affect different biological processes in C. elegans and other 360 

nematodes. This suggests that the interactome displays a certain degree of 361 

conservation making it a potentially valuable resource also outside the P. pacificus 362 

research community.  363 

 364 

Host microbe interactions may not be the dominant force driving the formation 365 

of novel genes in the P. pacificus genome 366 

While the detailed functional investigation of individual interactions is beyond the 367 

scope of our study, we further characterize global properties of the interactome. 368 

Using the number of predicted interactions as a proxy for the environmental 369 
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responsiveness of a given coexpression module, we can identify the main modules 370 

that are responsible in sensing and processing bacterial metabolites. Notably, all of 371 

the top five modules and 11 out of the top 15 modules that interact with the highest 372 

number of bacterial pathways are associated with the intestine, detoxification or 373 

specific metabolic pathways (Fig. 6B), which is consistent with the hypothesis that 374 

variation in metabolic potential of dietary bacteria should primarily affect the 375 

nematode gut. On the contrary, several hermaphrodite-enriched modules showed 376 

very low numbers of interactions pointing towards a certain robustness of specific 377 

reproduction-associated processes. In summary, the inferred cross-species 378 

interactome identifies intestinal and detoxification related modules as components of 379 

the primary response layer to diverse microbiota. This further supports the general 380 

structure of our interactome as the module labels were inferred independently from 381 

the cross-species interactions. Furthermore, overlaying the number of interactions 382 

with the module size (Fig. 6C) and the distribution of phylostrata (gene age classes)  383 

(Athanasouli et al. 2023) across modules (Fig. 6D) shows that the most responsive 384 

modules do not contain the largest numbers of genes in total and are also not 385 

enriched in diplogastrid-specific orphan genes (Athanasouli et al. 2023). Notably, the 386 

largest module (SPERM_2) which exhibits an enrichment of diplogastrid-specific 387 

orphan genes only has an intermediate number of interactions. These findings 388 

suggest that host microbe interactions are unlikely the dominant force driving the 389 

emergence of novel genes in Pristionchus nematodes and point towards a major 390 

contribution of sexual conflict reflecting similar findings in flies (VanKuren et al. 391 

2024).  392 

        393 
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Discussion 394 

All animals live in tight associations with microbial communities and bacteria can 395 

have a significant impact on the biology of their host. However, quantifying the 396 

effects of individual bacteria remains a major challenge in many study systems. In 397 

this study, we took advantage of bacterial feeding nematodes, where individual 398 

interactions can be studied in isolation (Zhang et al. 2017). This distinguishes our 399 

work from most metagenomic studies that investigate the aggregate effects of highly 400 

complex microbial communities on their hosts (Salazar-Jaramillo et al. 2024; Shalev 401 

et al. 2022; Lo et al. 2024). In addition, in contrast to most other studies focussing on 402 

the effect of single bacteria on specific nematode traits (Iatsenko et al. 2014; 403 

Akduman et al. 2020; O’Donnell et al. 2020; Lo et al. 2022; Watson et al. 2014), we 404 

undertake a systems level approach to gain broad insights into the metabolic 405 

interactions between nematodes and their bacterial diets. We generated expression 406 

profiles of P. pacificus nematodes on 38 different bacterial diets. This represents to 407 

our knowledge the largest nematode transcriptomic study in response to different 408 

microbiota and this data will be of substantial value for future studies in P. pacificus 409 

that explore the environmental responsiveness of specific genes or gene sets. By 410 

integrating these transcriptomic and additional phenotypic data with 84 newly 411 

sequenced bacterial genomes, our study illuminates both sides of this cross-kingdom 412 

interaction and allows us to associate phenotypic and transcriptomic variation in the 413 

nematode to the underlying metabolic variation in the bacteria. This is conceptually 414 

similar to the study of Zimmermann et al. (Zimmermann et al. 2020), who associated 415 

metabolic potential of members of the C. elegans microbiome with specific traits, but 416 

extends this idea by considering the response of specific coexpression networks in 417 

the worm as molecular phenotypes. This established a first global map of more than 418 
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2,800 metabolic interactions between P. pacificus and its bacterial diets. Although 419 

the structure of this network is likely influenced by sampling of bacteria and 420 

correlated phylogenetic patterns across MPGs, it can be taken as a starting point for 421 

future studies investigating the effect of individual bacteria or metabolic pathways on 422 

specific nematode traits. Two main features of our interactome reinforce the 423 

assertion that it reflects true biological signals. First, given that the functional 424 

annotation of coexpression modules was completely independent from the 425 

association with bacterial metabolic pathways, it appears striking that most of the 426 

most responsive modules are associated with the intestine and detoxification 427 

processes. This is consistent with the assumption of the intestine as the primary 428 

response layer and thus supports the overall structure of the interactome. Second, 429 

the fact that many of the prominently highlighted metabolic pathways or metabolites 430 

like chitin degradation (Chen et al. 2015), coumarins (Guo et al. 2018), 431 

phosphatidylcholine (Laranjeira et al. 2024), arginine and ornithine (Venzon et al. 432 

2022) have been shown to affect various biological processes in C. elegans or other 433 

nematodes points towards some degree of conservation of the map of metabolic 434 

interactions. The conserved nature of the metabolic interaction map suggests that 435 

our findings in P. pacificus may extrapolate to diverse host-microbe systems, 436 

informing mechanistic studies across taxa. Finally, to our knowledge our work 437 

represents the first application of such a systems level approach to predict a cross-438 

species interactome in nematodes. Thus, this approach may be transferred to 439 

virtually any bacterial feeding nematode in order to establish species-specific maps 440 

of metabolic interactions and to explore the evolution of cross-species interactomes.  441 

 442 
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Materials and Methods 443 

Bacterial culture conditions 444 

The bacterial strains used in this correspond to the strains isolated previously 445 

(Akduman et al. 2018). All strains were initially restreaked from a glycerol stock on 446 

Lysogeny Broth (LB) plates and grown overnight in LB. All bacterial isolates were 447 

grown at 30°C according to previous protocols (Akduman et al. 2018) while 448 

Escherichia coli OP50 was cultured at 37°C. 449 

  450 

Nematode growth conditions 451 

The wild type strain of Pristionchus pacificus (PS312) was maintained at 20°C on 452 

nematode growth medium (NGM) seeded with 300 uL E. coli OP50 before use. 453 

Every five days, three adults were transferred to fresh NGM plates with a worm pick. 454 

Both NGM and E. coli OP50 were sourced from in-house stock. 455 

 456 

Whole genome sequencing of bacterial strains 457 

All bacterial strains to be sequenced were grown overnight in LB in 15 mL falcon 458 

tubes and DNA samples were obtained using the Epicentre MasterPure Complete 459 

DNA and RNA Purification Kit (Illumina, San Diego, USA). DNA libraries were 460 

prepared using the Illumina DNA Prep kit according to the manufacturer’s guidelines. 461 

The libraries were quantified using both a Qubit 2.0 Fluorometer (Thermo Fisher 462 

Scientific, Waltham, USA) and a Bioanalyzer (Agilent Technologies, Santa Clara, 463 

California) and normalized to 2.5 nM. Samples were sequenced as 150bp single-end 464 
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reads on multiplexed lanes of an Illumina HiSeq 3000 in our in-house sequencing 465 

facility.   466 

Genome assembly and metabolic potential identification of bacterial strains 467 

The bacterial genomes were assembled from the raw reads using SPAdes (Prjibelski 468 

et al. 2020) (version 3.15.1, parameters: --careful -o -1 -2 -t 30 –cov-cutoff ‘auto’) 469 

and annotated with PROKKA (Seemann 2014) (version 1.14.6, parameters: --470 

addgenes) and eggNOG-Mapper (Cantalapiedra et al. 2021) (version 2.1.0-1, 471 

eggnog DB version: 5.0.2). Genome assembly and annotation were evaluated using 472 

BUSCO (Manni et al. 2021) and QUAST (Gurevich et al. 2013). The predicted 473 

bacterial protein sequences were used as input to detect orthogroups and 474 

reconstruct the phylogeny with OrthoFinder (Emms and Kelly 2015). The bacterial 475 

genomes were used to predict the presence or absence of metabolic pathways with 476 

gapseq (Zimmermann et al. 2021) (version 1.2, parameters: find -p all, MetaCyc 477 

(Caspi et al. 2012) as the default database) as well as the presence of 67 bacterial 478 

phenotypes with the implementation of Traitar (Weimann et al. 2016) in Python 479 

(version 3.0.1, parameters: predict) . The bacterial metabolic pathways were 480 

grouped (MPGs) based on their presence/absence patterns across the bacterial 481 

strains to reduce redundancy. This decreased the number of bacterial metabolic 482 

pathways to be assessed from 2902 to 712. The nomenclature of the bacterial 483 

strains was determined by applying DIAMOND (Buchfink et al. 2021) (version 484 

2.1.4.158, parameters: makedb and blastp) to compare the predicted bacterial 485 

protein sequences against the non-redundant version of the NCBI database (August 486 

2023 version). 487 

  488 
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Association of MPGs with chemotaxis and survival 489 

In the initial study, the chemotaxis index ranges from -1 (repulsion) to 1 (attraction) 490 

and the survival index from 0 to 100, the latter reflecting the percentage of worms 491 

that were alive on the 5th day post transfer (Akduman et al. 2018) For our analysis, 492 

we binarized the assay data by assigning the values below 40 percent survival and 493 

0.2 chemotaxis as zero and the rest as one. The threshold for the binarization was 494 

determined based on the distribution of values. To test the association between each 495 

MPG and the nematode phenotypes, we divided the assay data to two vectors, 496 

representing the set of values when the nematode was maintained on bacterial 497 

strains with and without the MPG and performed a Wilcoxon-test, followed by 498 

Bonferroni-correction (P < 0.05). To associate bacterial virulence factors with 499 

survival, we downloaded the 4,236 core proteins from the Virulence Factor DataBase 500 

(Liu et al. 2022) (2024-07-31) and performed pairwise all-against-all BLASTP 501 

searches for all bacterial protein sets combined with the VFDB data (e-value < 10-5). 502 

The widely used clustering algorithm MCL was used to cluster the data into 1605 503 

orthogroups. These orthogroups were then tested for association with survival using 504 

a Wilcoxon-test with FDR correction (P < 0.1). 505 

  506 

Supplementation experiments 507 

To check the nematicidal effect of coumarin derivatives in vivo, we supplemented 4-508 

hydroxycoumarin (Sigma-Aldrich, CAS: 1076-38-6, purity: >97.5%), 7-509 

methoxycoumarin (Sigma-Aldrich, CAS: 531-59-9, purity: >98%) and Xanthotoxin 510 

(TCI Deutschland, CAS: 298-81-7, purity: >98%) to the nematode. The coumarins 511 

were added directly to liquid NGM to a final concentration of 1 mM and the solution 512 
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was subsequently poured to 6 cm plates (11 mL per plate). The plates were seeded 513 

with 300 μL of E. coli OP50 the next day and left to grow a bacterial lawn for two 514 

days. After that time, 20 young adult hermaphrodites were transferred on each plate 515 

and their survival was tracked daily for five days. The surviving nematodes were 516 

transferred on new plates containing the coumarins on the third day after the initial 517 

transfer to avoid food depletion and misidentification from their offspring. Mortality 518 

was determined by lack of response to prodding with the pick. For the control and 519 

each coumarin, we performed five replicates. 520 

  521 

Dietary experiments 522 

Eggs from P. pacificus adults were obtained and spotted on NGM plates seeded with 523 

75 μL bacterial overnight cultures to produce the parental generation (P0) on each 524 

diet. 25 gravid hermaphrodites from the P0 were transferred to a new plate seeded 525 

with the same bacterial strain and were left to lay eggs for five hours, after which 526 

point they were removed. The F1 worms were collected 72 hours after the initial 527 

transfer. Collection of the worms required washing the plate with autoclaved M9- 528 

buffer, centrifugation at 500g for a minute and discarding the supernatant in order to 529 

remove as much of the collected bacterial lawn as possible. The worm pellets were 530 

flash frozen in liquid N2 and were used for RNA extraction or stored at -80oC for later 531 

processing. 532 

  533 

RNA sequencing 534 
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For total RNA extraction, the frozen worm pellets were treated with TRIzole followed 535 

by purification with the Zymo RNA Clean & Concentrator 25 Kit according to the 536 

manufacturer’s instructions. The extracted RNA was quantified and quality assessed 537 

with a NanoDrop ND1000 spectrometer (PeqLab, Erlangen, Germany) and a Qubit 538 

2.0 Fluorometer. The samples were shipped to Novogene for library preparation and 539 

messenger RNA (mRNA) sequencing. Libraries were sequenced as 150-bp paired-540 

end reads on an Illumina NovoSeq 6000 platform.  541 

  542 

RNA-seq and coexpression network analysis 543 

For the coexpression analysis, we only used newly generated RNA-seq data as the 544 

samples from our previous study were obtained using different protocols and were 545 

only sequenced as single replicates. The raw reads were aligned to the reference 546 

Pristionchus pacificus genome (version El Paco) with STAR (Dobin et al. 2013) 547 

(version 2.7.1a) and quantified with featureCounts (Liao et al. 2014) from the 548 

Subread R package (version 2.0.1) based on the latest annotations (Athanasouli et 549 

al. 2020). After filtering the count matrix to remove genes with less than 10 reads 550 

total according to the reference manual, we reduced the number of P. pacificus 551 

genes to be assessed from 28,896 to 24,335. The read counts across different 552 

conditions and replicates were normalized with the DESeq2 (Love et al. 2014) 553 

counts function (option: normalized = TRUE) and were input in the Markov 554 

CLustering software (MCL) (van Dongen and Abreu-Goodger 2012)(version 22-282, 555 

r=0.7, I=2) to create a gene coexpression network. The network modules were 556 

tested for the enrichment of protein domain annotations (Pfam) (Mistry et al. 2021), 557 

metabolic pathways (KEGG) (Kanehisa and Goto 2000) and gene expression sets 558 
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from previous studies (Athanasouli et al. 2023) with Fisher’s exact-test followed by 559 

Bonferroni correction (P < 0.05) in R (version 4.4.0) (R Core Team 2024). 560 

Phylostrata were defined as described previously (Athanasouli et al. 2023): in short, 561 

BLASTP searches (e-value < 0.001) were carried out against predicted proteomes of 562 

related nematodes (Prabh et al. 2018; Howe et al. 2017) and phylostrata were 563 

defined based on the presence of homologs in the most distantly related species. 564 

The network modules were assessed further for their interactions with the bacterial 565 

metabolic potential. Specifically, for each MPG, the normalized counts of the genes 566 

in each module were separated into two vectors based on whether the presence or 567 

absence of the MPG in the bacterial strain in order to represent the expression of a 568 

specific gene in a module in the presence or absence of a MPG. The presence and 569 

absence expression vectors for each gene were compared using Wilcoxon-test as 570 

well as to calculate the fold change in expression. To determine the interaction of a 571 

module with a MPG, we retained the genes where the fold change was lower than 572 

0.5 or higher than 2 and performed multiple hypothesis testing for the module genes 573 

that fulfilled the condition (Bonferroni < 0.1). The list of genes identified as interacting 574 

with the MPGs were tested for module enrichment using Fisher’s exact test 575 

(Bonferroni-adjusted p-value<0.05) to determine the interaction between the MPGs 576 

and the coexpression modules. The bipartite network was implemented using Python 577 

(version 3.10.12). 578 

Data access: All sequencing data generated in this study have been submitted to 579 

the European Nucleotide Archive under the accession number PRJEB80633. 580 
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 589 

Figure Legends        590 

Fig. 1. Phylogenomics of 84 bacterial genomes. The tree depicts the bacterial 591 

phylogeny acquired using RAxML after whole genome sequencing, genome 592 

assembly and orthogroup detection. Phenotype prediction with traitar3 revealed that 593 

the overwhelming majority of bacterial strains sequenced are aerobic with the 594 

exception of TSA3A and LRB41 who are facultative anaerobic as well as the 595 

complete lack of anaerobes. Our collection contains only three Gram positive strains 596 

while the rest are gram negative. Genome sizes may vary even within a genus as is 597 

the case with Acinetobacter, where we observe genomes ranging between 3 and 5 598 

Mb. 599 

        600 

Fig. 2. Variation in bacterial metabolic potential. The heatmap shows the 601 

predicted presence or absence of the most abundant MPGs across our genome 602 

collection (grouped according to the bacterial phylogeny). This revealed the 603 

metabolic potential of the individual strains. The majority of MPGs detected were 604 
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absent from all strains with a core of 45 bacterial pathways predicted always present. 605 

The rest of the MPGs exhibit distinct patterns even among the same genus.  606 

        607 

Fig. 3. Association of nematode survival with the bacterial pathways. (A) The 608 

tree shows the bacterial phylogeny together with previously determined survival data 609 

(Akduman et al. 2018). (B) An association study between the MPGs and mean 610 

survival data narrowed down the MPGs with a significant effect on the trait from 611 

hundreds to 41, a subsample of which is shown here. (C) Supplementation tests with 612 

three types of coumarins showed that 7-methoxycoumarin and xanthotoxin affect 613 

nematode survival (P<0.05, t-test).  614 

          615 

Fig. 4. Expression of modules across the different bacterial diets. The Z-score 616 

normalized expression of the top 60 coexpression modules across the different diets 617 

was visualized as a heatmap. The expression of the biological replicates was 618 

averaged in order to produce a single expression profile for each of the 38 diets. 619 

Modules with more than 50 genes were randomly downsampled to aid the 620 

visualization of smaller modules and the comparisons between them. Expression 621 

patterns were unique for each module and depended on the bacterial diet, as was 622 

the case with modules 2, 7 and 15 on LRB88. 623 

      624 

Fig. 5. Enrichment analysis of the gene coexpression modules using existing 625 

transcriptomic datasets and functional annotation. The networks summarize the 626 

results of the overrepresentation analysis for specific coexpression modules 627 

(Supplemental Table S7). Based on the strongest enrichment patterns, we 628 

connected 50 of the processed 60 modules with biological processes and protein 629 
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domains, allowing the functional labeling of the majority of the modules 630 

(Supplemental Table S8).  631 

      632 

Fig. 6. Interactions between bacterial pathways and coexpression modules.  633 

(A) The heatmap shows a representative interaction between pathway PWY-5651 634 

(L-tryptophan degradation to 2-amino-3carboxymuconate semialdehyde) and module 635 

GUT_5. Twenty randomly chosen genes from this module are shown together with 636 

their expression across different bacterial diets. These genes exhibit much higher 637 

expression on bacteria that have the PWY-5651 pathway. (B) The bars shows the 638 

numbers of interactions per coexpression module. All of the top five and 11 out of the 639 

top 15 modules are associated with the intestine, detoxification or specific metabolic 640 

pathways. The number of genes per module (C) and the phylostratigraphic 641 

distribution across modules (D) show that the five modules exhibiting the highest 642 

number of interactions are not the largest modules and are also not enriched in 643 

diplogastrid-specific orphan genes (phylostratum ≤ 9). 644 
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