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Abstract

Canonical polyamines such as agmatine, putrescine, and spermidine are evolutionarily
conserved metabolites found in nearly all forms of life ranging from bacteria to humans.
Recently, interactions between polyamines produced by gut bacteria and human intestinal cells
have been proposed to contribute to both Irritable Bowel Syndrome with Diarrhea (IBS-D) and
infammatory bowel diseases. However, the molecular mechanisms that underlie these effects
are often unclear due in part to limitations in the methods used to manipulate and study
polyamine functions in vivo. Here, we developed a Caenorhabditis elegans based screening
platform and a modified LC-MS approach for profiling polyamine metabolites. We combined
these methods to make the unexpected discovery that dysfunctional polyamine metabolism in
both Gram-negative (E. coli) and Gram-positive (B. subtilis) bacteria can result in the
accumulation of a noncanonical polyamine intermediate, N'-Aminopropylagmatine (N'-APA).
We further find that N'-APA is produced via spermidine synthase (SpeE) and that it is bioactive
when encountered by animals. Specifically, we find that when N'-APA is produced by bacteria in
animal intestines it can be transported into intestinal cells via the polyamine transporter CATP-5
where it antagonizes both animal development and mitochondrial function across diverse animal
species. Lastly, we find that N'-APA functions analogously to the deoxyhypusine synthase
inhibitor GC7. For example, like GC7, N'-APA antagonizes elF5A hypusination and inhibits the
alternative activation of mammalian macrophages. To our knowledge, these findings are the first
to demonstrate that N'-APA is a bioactive metabolite and that bacteria can produce a small
molecule that functions similarly to existing deoxyhypusine synthase inhibitors. Furthermore,
these results suggest an exciting new mechanistic hypothesis for why the loss of speB in gut
microbes, including E. coli, has been both linked to inflammatory bowel disease (IBD) in
humans and found to drive IBD in germ free mice.
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Introduction

Canonical polyamine metabolites including agmatine, putrescine, spermidine, and spermine are
found in nearly all domains of life and are generally present at millimolar levels in animal cells
2 Changes in the metabolism or abundance of polyamines have been linked to numerous
human pathologies. For example, mutations in the polyamine transporter ATP13A2 cause a
heritable form of juvenile onset Parkinson’s disease *°. Similarly, changes in the production of
polyamines by gut microbiota have recently been found to both cause irritable bowel syndrome
(IBS-D) and, in other contexts, have been proposed to protect against the development of
inflammatory bowel diseases and colitis ®’. Despite their clear importance to biology and
demonstrable relevance to numerous human pathologies, the molecular mechanisms by which
altered polyamine metabolism causes changes in animal physiology are often unclear. For

8-10

example, polyamines have been proposed to function as signaling molecules or antioxidants

.12 to stabilize RNA, protein, and membranes '**

, and to regulate mRNA translation via the
hypusination of the transcription factor, elF5A'. However, in many cases the exact molecular
mechanism by which changes in polyamine metabolism cause animal disease remain unknown.
In addition, there are several cases of seemingly conflicting models for the mechanisms by
which polyamines regulate animal physiology. For example, using the polyamine analog
inhibitor of deoxyhypusine synthase, GC7, Puleston et al'® and Nakamura et al.® have proposed
that polyamines regulate alternative activation of macrophages (M2-like) through regulating the
hypusination of elF5A which in turn regulates the translation of a subset of mitochondrial
proteins. By contrast, using a genetic approach, Anderson-Baucum et al."” reported no clear
evidence that hypusination of elF5A regulated mitochondrial protein abundance by proteomics

and suggested that previous findings might be due to alternate target effects of GC7. Instead,

they found that elF5A hypusination levels decreased the proinflammatory nature of
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macrophages by decreasing translation of proinflammatory mRNAs', Thus, the precise
mechanisms by which polyamines regulate aspects of animal physiology such as immune cell

activation remain unclear.

Studies describing how the disruption of polyamine metabolism causes or contributes to disease
in animals face multiple challenges. First, manipulating polyamine levels in vivo is challenging
because the loss of enzymes required to synthesize putrescine and spermidine are lethal in
many animals. In animal intestines, polyamines can also be transported between intestinal cells
and gut microbes, complicating the interpretation of animal studies due to potential
compensatory effects 28, Despite these challenges, recent studies have found that when
agmatinase (encoded by speB) is deleted from bacterial genomes that inhabit animal intestines,
mice develop colitis and C. elegans undergo developmental arrest ®’. SpeB converts agmatine
to putrescine in the canonically polyamine synthesis pathway'®, and both excess agmatine and
loss of putrescine have been proposed as the underlying molecular mechanism to explain these
changes to animal physiology; however, neither has been shown to be sufficient to cause these

effects 7.

The ability to measure polyamine levels in vivo also faces technical difficulties. For example,
most kit-based approaches only quantify total polyamines %. To overcome this, mass
spectrometry-based approaches have been employed. However, polyamines are poorly
detected in standard metabolomics-based approaches ?'. Additionally, while mass spectrometry
methods have been developed to reliably quantify the core polyamine metabolites (agmatine,
putrescine, and spermidine), most studies are unable to simultaneously identify the many

variants of these molecules. Thus, studies of polyamines are largely restricted to quantifying
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94  canonical polyamines and might overlook alternative polyamine metabolites. As a consequence
95 of these limitations, defining cause-and-effect relationships between polyamines and mRNA,
96 protein, or membrane stability, remains difficult. Thus, the precise molecular mechanisms for

97  how disruptions in polyamine metabolism lead to human diseases remain unclear.
98

99  While screening a complete non-essential Bacillus subtilis gene knockout library for bacterial
100 genes that regulate animal development in C. elegans; we discovered that the loss of speB in
101  B. subtilis caused complete animal developmental arrest. Two previous studies found the loss of
102  speBin E. coli results in the failure of C. elegans to develop in the presence of excess agmatine
103  or causes mouse lethality in models of inflammatory bowel disease . Unexpectedly, however,
104  we found that the effects of speB mutant B. subtilis on animals were not due to a requirement
105  for bacterial putrescine in animals or due to excess agmatine. Instead, we found that diverse
106  Gram-negative and Gram-positive bacteria produce a non-canonical polyamine (N'-

107  Aminopropylagmatine (N'-APA)) via the activity of the conserved bacterial enzyme SpeE on
108  agmatine, corroborating recent biochemical findings ?*?3. In addition, we found that N'-APA

109 accumulates in speB mutant bacteria and is transported into animal intestinal cells via the

110  polyamine transporter CATP-5. Once inside animal cells, N'-APA acts analogously to GC7, a
111  chemical inhibitor of deoxyhypusine synthase. These findings demonstrate that N'-APA

112 functions like GC7 in both invertebrates and vertebrates which has numerous downstream

113 consequences, such as inhibiting C. elegans development and immune cell activation in mouse

114  bone marrow-derived macrophages (BMM,). To our knowledge, these findings are the first to

115  report that N'-APA is a bioactive metabolite in any species and the first observation that a
116  polyamine metabolite derived from bacteria functions analogously to the deoxyhypusine
117  synthase inhibitor GC7 in vivo. These findings demonstrate the importance of investigating

118 individual non-canonical polyamines when studying how changes in polyamine metabolism
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119  cause disease. They also provide an alternative N'-APA dependent mechanism of action that
120 may explain why recent reports link the loss of speB in gut microbiome bacteria to inflammatory

121 bowel disease in both mice and humans 2.

122

123  Results

124

125 Loss of speB in bacteria antagonizes animal development
126

127  To identify new links between bacterial metabolism and animal physiology, we screened a

128  complete B. subtilis non-essential gene knockout library for changes in animal development,
129  using Caenorhabditis elegans as a model (Fig. 1A — See methods for screen details) 2°. From
130  our screen of 3,984 mutant B. subtilis isolates, we identified only a single B. subtilis gene, speB,
131  that was required for C. elegans to develop to adulthood (Fig 1B). SpeB encodes an

132 agmatinase which plays an intermediate role in the synthesis of spermidine (Fig. 1C) %%, We
133 confirmed that speB is required for animals to develop to adulthood by complementing this

134  mutant with a wild-type copy of speB (Fig. 1B). We conclude that speB is required in B. subtilis

135  to promote C. elegans development to adulthood.
136

137  In many bacteria, SpeB (agmatinase) is part of a pathway, together with SpeA and SpeE

138 (spermidine synthase), that converts arginine to spermidine'® (Fig. 1C). Previous studies have
139  proposed that deletion of speB causes either the loss of beneficial downstream polyamines
140  (putrescine, spermidine) or a toxic buildup of agmatine and that these changes in canonical

141  polyamines results in deleterious effects on animal physiology®’. To determine if C. elegans are
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142 unable to develop to adulthood on B. subtilis AspeB because they require spermidine from their
143 diet, we tested if the deletion of speA or speE in B. subtilis also caused animals to arrest their
144  development (SFig. 1A). In contrast, we found that deletion of speA and speE did not alter WT
145  animal development (Fig. 1D, SFig. 1B). Since speA converts L-arginine into agmatine'®, we
146  generated a double AspeA AspeB deletion strain to test if preventing the aberrant accumulation
147  of agmatine prevented animal developmental arrest. We found deletion of speA in the AspeB
148  background rescued C. elegans development, suggesting agmatine causes development arrest
149  (Fig. 1D, SFig. 1B). We confirmed this phenotype by complementing AspeA AspeB with speA
150  (Fig. 1D, SFig. 1B). Surprisingly, we found that knocking out the speEB operon does not

151  phenocopy AspeB and that AspeEB mutants behave similarly to AspeA AspeB mutant bacteria
152 (Fig. 1D, SFig. 1B). We confirmed this result by complementing AspeEB with speE and found
153  that the strain no longer promoted animal development (Fig. 1D, SFig. 1B). We conclude that
154  the deletion of speB, but not other genes in the spermidine synthesis pathway, antagonizes

155 animal development and that this effect is dependent on both speA and speE activity. These
156  findings suggest that the simple loss of spermidine or a buildup of agmatine are not the cause of

157  AspeB-mediated disruption of animal development.

158

159  Loss of speB causes diverse species of bacteria to accumulate N'-APA.
160

161  We hypothesized that B. subtilis speB mutants might produce a noncanonical polyamine that
162  antagonizes animal development. This would be in line with recent reports that bacteria produce
163  numerous noncanonical polyamines, sometimes using the same enzymes predicted to be

164  involved in canonical polyamine metabolism, such as SpeE . To test this, we developed an

165 untargeted LC-MS method for the profiling of polyamine metabolites in B. subtilis AspeA,
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166  AspeB, AspeEB, AspeE, AspeB; AspeA, and WT cultures. Polyamines are not well retained or
167  ionized in typical LC-MS metabolomics approaches ?'. So, to do this we generated carbamyl
168 derivatives of metabolite extracts and performed untargeted metabolomics. Using this approach,
169  we detected 2641 blank- and peak quality-filtered LC-MS features. Differential abundance

170  analysis revealed a consistent feature, 388.29207 m/z at retention time of 3.781min, that was
171  the most significantly increased compound in AspeB cells versus the other polyamine synthesis
172 mutants (Fig 2A). Evaluation of extracted ion chromatograms (EIC) indicated that this

173  compound was only detectable in the AspeB cells (Fig 2B). Using accurate mass MS1

174  measurements, we found three possible chemical formulae within 5ppm (Fig 2C). Of these, only
175 one contained oxygen atoms, of which there are two per carbamyl derivative (C5H902; Figure
176  2C). From this we deduced that the unknown compound contained two carbamyl-derivatized
177  sites, and subtraction of 2x(C5H902) from the predicted chemical formula of the unknown

178  (C18H37N504) yielded a parent compound formula of CBH21NS5. This is consistent with the

179  non-canonical polyamine, N'-APA, that was originally reported to accumulate in speB mutant
180  Thermus thermophilus %% (N'-APA; (Figure 2D). To confirm this putative identification, we

181  spiked in a synthetic standard to AspeB media and observed an increase in the 388.2921 EIC
182  over unspiked AspeB controls (Figure 2E). MS2 fragmentation spectra of the endogenous

183  unknown and the synthetic standard further confirmed the identity of the AspeB specific

184  polyamine as N'-APA (Figure 2F).
185

186  Previous studies of C. elegans found that the loss of speB in E. coli also caused animals to
187  arrest their development, similar to our findings for B. subtilis’. Similar to studies in C. elegans,
188  studies in germ free mice found that speB mutant E. coli (but not wild-type E. coli) alter mouse
189  physiology and drive inflammatory bowel disease-like pathologies in mammals. Collectively,

190 these studies suggest that the loss of speB in other species of bacteria also affects animal
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191  physiology in taxa ranging from nematodes to mammals. Despite these consistent findings for
192  speB mutant E. coli affecting many important aspects of animal physiology, the mechanistic
193  explanation remains unclear with different studies proposing the effects might be due to a

194  buildup of agmatine or a loss of putrescine. Our findings from B. subtilis suggest that in addition
195 to any potential effects on canonical polyamines (agmatine, putrescine), speB mutant E. coli
196  might also accumulate the non-canonical polyamine N'-APA because it disrupts a proposed
197  alternative spermidine synthesis pathway (Fig. 2G). To test this, we profiled the abundance of
198  polyamines, including N'-APA, in E. coli with and without speB. As in B. subtilis, we found that
199  E. coli lacking speB also accumulated N'-APA (Fig. 2H). We conclude that speB mutant E. coli
200  also accumulate N'-APA. Given that Gram positive (B. subtilis) and Gram negative (E. coli)

201  bacteria diverged >2 billion years ago, our findings suggest that most bacteria may produce N'-
202  APAIin certain contexts. We note that this hypothesis would also be consistent with a recent
203  biochemical study that found that 17 out of the 18 tested bacterial spermidine synthases

204  expressed in E. coli BL21 (including speE from B. subtilis) were able to convert agmatine into

22,23

205  N'-APA, similar to the original report of N'-APA production in T. thermophilus
206

207 N'-APAis a bioactive metabolite that drives mitochondrial dysfunction and

208 developmental arrest in animals when transported via the polyamine transporter CATP-5
209

210  Our previous genetics studies of B. subtilis indicated that the effects of speB mutant B. subtilis
211 on C. elegans development were not due to either the loss of putrescine or the accumulation of
212 agmatine (Fig. 1). Given our mass spectrometry findings, we hypothesized that the

213 accumulation of N'-APA in speB mutant bacteria might explain why C. elegans arrest their

214  development in response to speB mutant B. subtilis (Fig. 2). To test this, we synthesized N'-APA
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215  and grew C. elegans on a diet of WT B. subtilis on media containing exogenous N'-APA. We
216  found exogenous N'-APA was sufficient to cause developmental arrest in C. elegans (Fig. 3A).
217  This developmental arrest was not observed when spermidine or agmatine were supplemented
218 into plates (Fig. 3A, SFig. 2). We also found the addition of exogenous spermidine to the media
219 s sufficient to suppress the effects of exogenous N'-APA (Fig. 3B) or B. subtilis AspeB (Fig. 3C).
220  We conclude that N'-APA production by B. subtilis antagonizes animal development, possibly by

221 disrupting the normal function of spermidine.
222

223 To determine how N'-APA antagonizes animal development, we screened 11 C. elegans GFP
224  stress reporters on a diet of either B. subtilis WT or B. subtilis AspeB (Table 2). We found that
225  GFP reporters for hsp-6 and irg-1 were both substantially increased when animals were fed
226 AspeB mutant B. subtilis when compared to WT B. subtilis (Fig. 3D) or compared to other

227  polyamine synthesis mutants (SFig. 3). hsp-6 expression is part of the mitochondrial unfolded
228  protein response and is activated in response to mitochondrial stress. irg-1 was originally used
229  as a reporter for bacterial infections, but was later found to be activated in response to

230  mitochondrial stress®’. Thus, the activation of both hsp-6 and irg-1 is consistent with animals
231  experiencing mitochondrial stress. This activation is reversed when a wild-type copy of speB
232 was restored to the B. subtilis genome (SFig. 3). Importantly, we did not observe a difference in
233 level of fluorescence for the other nine reporters that were tested: nip-29, clec-60, gcs-1, hsp-
234 60, hsp-16.2, gst-4, hsp-4, sod-3, bvis5 (Table 2). The activation of the mitochondrial unfolded
235  protein response is likely not due to general proteostasis stress because we did not observe
236  activation of hsp-4.:GFP which is activated as part of the endoplasmic reticulum unfolded

237  protein response (SFig.4, Table 2). We conclude that N'-APA activates the C. elegans

238  mitochondrial unfolded protein response, likely by causing mitochondrial stress.

239

10
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240  To determine how a diet of B. subtilis AspeB antagonizes animal development, we mutagenized
241 wild-type C. elegans and screened for mutant animals that could develop to adulthood when
242 feeding on B. subtilis AspeB. We isolated 10 lines of mutant animals that developed to

243 adulthood even when fed B. subtilis AspeB (Fig. 3E, 3F, SFig. 5, Table 1). We found the mutant
244 lines harbored predicted loss-of-function mutations in the catp-5 polyamine transporter (Fig.

245  3G). CATP-5 is expressed in intestinal cells and was previously reported to import polyamines
246  from the intestinal lumen into the intestinal cells 2. These findings are consistent with a model in
247  which N'-APA is produced by B. subtilis AspeB and then is imported by CATP-5 into animal

248 intestinal cells where it antagonizes animal development.
249

250  N'-APA functions analogously to the deoxyhypusine synthase inhibitor GC7 in both

251 invertebrates and vertebrates
252

253 The effects of N'-APA could be specific to C. elegans or could generally antagonize animal

254  development and mitochondrial function across species. To test this, we exposed the nematode
255  Pristionchus pacificus to wild-type and B. subtilis AspeB (Fig.4A). P. pacificus and C. elegans
256  shared a last common ancestor approximately 100 million years ago 2**°. We found that B.

257  subtilis AspeB also antagonized the development of P. pacificus and led to a >90% reduction
258  animal fertility (Fig. 4B). We conclude that N'-Aminiopropylagmatine broadly affects nematode

259  development and physiology and that this effect is not specific to C. elegans.
260

261  In the polyamine-elF5A-hypusine axis, which is conserved in most animals from nematodes to
262  humans, spermidine is used to hypusinate elF5A and alter the translation of a subset of

263  mRNAs. One of the key enzymes in this pathway is deoxyhypusine synthase which is also

11
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264  conserved from C. elegans to humans 3'. Previous chemical inhibition studies of deoxyhypusine
265  synthase found that GC7, a synthetic polyamine, was a potent inhibitor of deoxyhypusine

266  synthase'®*2. Furthermore, this study tested many derivatives of GC7 and found that N'-APA
267  could also inhibit deoxyhypusine synthase, but that it was less potent than GC7 *. At the time of
268  this work, it was not known that bacteria synthesize N'-APA. Given that deoxyhypusine

269  synthase is evolutionarily conserved, we hypothesized that N'-APA might cause both

270  mitochondrial stress and developmental arrest in C. elegans by functioning analogously to GC7.
271  To test this, we first exposed wild-type animals expressing the mitochondrial stress reporter hsp-
272 6::GFP to either N'-APA or GC7 and found that hsp-6::GFP expression is activated by both

273  molecules (Fig. 4C). We also found that both GC7 and N'-APA caused animals to arrest their
274 development (Fig. 4D). Importantly, neither spermidine nor norspermidine activated hsp-6::GFP
275  expression or caused developmental arrest at the relevant concentrations, suggesting these

276  results are not broadly caused by excess exogenous polyamines (Fig. 4C, 4D, SFig. 6). We

277  conclude that GC7 and N'-APA cause similar activation of a mitochondrial stress reporter and

278  developmental arrest in C. elegans.
279

280 In mammals, polyamines are important for the regulation of macrophage activation. Activation of
281  macrophages by IL-4 leads to an anti-inflammatory phenotype of macrophages (M2-like) that
282  can be inhibited by GC7 and promoted by putrescine ¢, Therefore, we tested whether N'-
283  APA also altered the activation of mammalian macrophages in response to IL-4. Consistent with
284  N'-APA being analogous to GC7 and previous studies'®, we found N'-APA inhibits IL-4 induced
285  expression of M2-like macrophage markers RELM-a and CD301 (Fig. 4E, 4F, 4G). While GC7
286  was more effective at inhibiting M2 phenotype than N'-APA, N'-APA treatment decreased

287  hypusination of elF5A to a greater extent than GC7 (Fig. 4H). These findings demonstrate that

12
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288  N'-APA inhibits the hypusination of elF5A in vivo are consistent with a model in which N'-APA

289 interferes with a normal function of spermidine in the polyamine-elF5A-hypusine axis'®.
290
291 Discussion

292 In summary, our findings establish that N'-APA, produced via an alternative spermidine

293  synthesis pathway in bacteria, can influence animal development and elF5a hypusination when
294 it is taken up by CATP-5 in animal intestinal cells (Fig. 4l). To our knowledge, these findings are
295 the first to demonstrate that the bacterial polyamine intermediate, N'-APA, is bioactive in

296  animals or that bacteria produce an inhibitor that functions similarly to the deoxyhypusine

297  synthase inhibitor, GC7. Thus, we establish a novel link between a bacterial intermediate

298 metabolite and the activity of a specific molecular pathway in animals. Our findings also further
299  establish C. elegans as an excellent model species for identifying links between specific

300 bacterial metabolites and target enzymes in animals.
301

302  Importantly, our findings suggest that the role of N'-APA in biology might be far more profound
303 that previously appreciated. Specifically, our findings indicate that N'-APA not only is produced
304 by both Gram-positive and Gram-negative species of bacteria, but that it can be produced at
305 significant enough quantitates to alter animal development. Recently, Li et al., 2024 reported the
306  surprising finding that 17 out of 18 bacterial spermidine synthases, including speE from B.

307  subtilis, can produce N'-APA when expressed in E. coli. These unexpected findings led the

308 authors to conclude that “the N'-Aminopropylagmatine pathway for spermidine biosynthesis,
309  which bypasses putrescine, may be far more widespread [in bacteria] than realized and may be
310 the default pathway for spermidine biosynthesis in species encoding L-Arginine decarboxylase

311  for agmatine production”. Why diverse species of bacteria might use this alternative non-
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312  canonical polyamine synthesis pathway (Fig. 2G) is unknown. However, our findings reported
313  here indicate that N'-APA is a bioactive metabolite, that it inhibits nematode development, and
314 that inhibits the activation of mammalian macrophages. Given these findings, we speculate that
315  N'-APA might also function as an immune modulator in nature and/or function to modify animal
316  physiology in the contentious ecosystem of soil microbiology. For example, non-canonical

317  polyamine synthesis may act to protect soil microbes from being consumed by predatory

318 animals such as nematodes. Future studies exploring how bacterial polyamines affect animal

319  physiology and immune cell activation will further elucidate this relationship.
320

321  Our findings also suggest a potentially new mechanistic model for why previous studies found
322  that disrupting speB in intestinal bacteria affects diverse aspect of animal physiology across

323  both C. elegans and mammals. For example, a recent study of the effects of metformin on

324  animal lifespans found that bacteria-derived agmatine underlies the effects of metformin on host
325 metabolism and longevity in animals including C. elegans’. This was in part based on the finding
326  that supplementing agmatine to C. elegans feeding on E. coli AspeB resulted in a similar

327 developmental arrest as we observed for C. elegans feeding on B. subtilis AspeB. Because

328  speB converts agmatine to putrescine in the canonical polyamine synthesis pathway, excess
329 agmatine was hypothesized to accumulate in speB mutants and alter animal physiology. Here,
330 we found there was not a significant difference in agmatine relative abundance between WT and
331  E. coli AspeB. However, E. coli AspeB did accumulate N'-APA in the presence of exogenous
332  agmatine. Thus, our findings suggest a potentially alternative mechanistic model for why the

333 loss of speB alters the effects of metformin on animals’; the loss of speB in E. coli leads to a

334  buildup of N'-APA which alters mitochondrial function in animals. In this model, the effects of
335 metformin, a Cl inhibitor, may be altered in animals exposed to speB mutant bacteria because

336  N'-APA accumulates in these bacteria and disrupts animal mitochondrial function’.
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337

338  Similar to how loss of bacterial speB affects C. elegans physiology, studies in mice and humans
339  have linked loss of speB in the gut microbiome to inflammatory bowel disease in mammals 2.
340 For example, it was recently found that colonizing germ-free mice with speB mutant E. coli (as
341  well as deleting a parallel polyamine pathway) promoted the development of severe colitis in
342  mice®. These effects on inflammatory bowel disease and colitis were proposed to be due to a
343 lack of putrescine. However, our data suggest N'-APA might also contribute to disease and

344  could explain why some of the phenotypes caused by speB mutant E. coli in mice are similar to
345 those caused by deoxyhypusine synthase inhibition by GC7. Specifically, our findings suggest
346  that the reason both speB mutant E. coli and GC7 were found to drive colitis-like changes in
347  mice or mouse cells might be because speB mutant E. coli produce N'-APA which functions
348  analogously to GC7 and inhibits the development of anti-inflammatory M2-like macrophages
349 (i.e. “M2-like” macrophages, characterized by the production of RELMa and CD301 (Fig. 4), are
350 anti-inflammatory and if N'-APA inhibits their activation it might promote inflammatory bowel
351 disease like symptoms in the intestine). Along these same lines, our data potentially explain
352  why the absence of detectable speB in certain species of bacteria was significantly associated
353  with IBD in humans?* and that the loss of deoxyhypusine synthase in mice causes IBD-like

354  pathologies in mice **; both of these results could be explained by the accumulation of N'-APA
355 in speB mutant bacteria which inhibits deoxyhypusine synthase function in animals. If true, our
356  data suggest that existing inhibitors of the bacterial enzymes SpeA or SpeE could potentially be
357  useful in the treatment of IBD because they would block N'-APA production. Future studies will
358 likely be critical in determining if N'-APA contributes to IBD development in humans or if

359 inhibiting N'-APA production in intestinal bacteria might alleviate IBD symptoms.
360

361
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390
391 Figure 1: Loss of speB in bacteria antagonizes animal development. (A) Graphical

392  representation of the platform used to screen for mutants of B. subtilis that did not support

393  animal development. Germ-free embryos were arrayed on the library of 3,984 B. subtilis

394  mutants and screened for development beyond the L4 stage. Candidate mutants were retested
395 on 60 mm plates with ~500 embryos. (B) Representative images of WT C. elegans on E. coli
396  OP50, B. subtilis 168 (Bs)(NOBb513), Bs AspeB (NOBb514), and Bs AspeB; speB(+)

397 (NOBb475). The animals were incubated at 20 °C for 3 days on their respective diets, washed
398  in M9 buffer, and paralyzed with tetramisole (~10 ug/mL). The scale bar is 1 mm. (C)

399  Canonically, in B. subtilis, spermidine is synthesized from L-Arginine by the consecutive

400 activities of SpeA, SpeB, and SpeE. (D) Percentage of WT C. elegans that developed pasts L4+
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401  on diets of Bs AspeE (NOBb517), Bs AspeEB (NOBb515), Bs AspeEB; speE (+)(NOBb501), Bs
402  AspeA (NOBb516), Bs AspeB; AspeA (NOBb518), and Bs AspeA; AspeB; speA(+)

403  (NOBDb503).The animals were incubated at 26 °C for 5 days on their respective diets and L4+
404  animals were quantified. Experiments were performed in triplicate with ~500 animals per

405 replicate. Error bars = s.d., **** = p < 0.0001, ** = p < 0.0065, ns = not significant
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406

407  Figure 2. Identification and validation of N'-APA accumulated in AspeB mutant bacteria.
408  (A) Volcano plots showing differential abundance analysis of untargeted metabolomics on
409  carbamylated-derivatives between AspeB cell lysates and the other strains evaluated. Red dots

410 are LC-MS features with an FDR adjusted P-value <0.05. Note the feature 388.29207 m/z at
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411  retention time 3.781min is the most significantly elevated compound in each comparison. (B)
412  Representative extracted ion chromatograms of 388.29207 m/z (+/- 5ppm). (C) Top, chemical
413  formula predictions for m/z 388.29207 using accurate mass and fine isotopic structure in

414  Compound Discoverer. Bottom, structure of carbamylated-derivatives indicate two oxygens are
415  present in each derivatized moiety. (D) Structure of N'-APA with sites of carbamylated-

416  derivatives denoted with a blue asterisk. Note the chemical formula of N'-APA (C8H21N5) with
417  carbamylated-derivatives (C5H902 x2) at the indicated sites match the predicted chemical

418  formula of the unknown (C18H37N504). (E) Overlaid extracted ion chromatograms of AspeB
419  and AspeB+N1APA spike-in provides accurate mass and chromatographic profile confirmation
420  of N1APA as the unknown feature 388.29207@3.7981min. (F) Data dependent MS2

421  fragmentation mirror plot of parent ion 388.29207@3.7981min in AspeB (top) and neat N'-APA
422  standard (bottom) provides further confirmation that the unknown is N'-APA. (G) Canonical
423  spermidine synthesis pathway (1.) compared to the alternative pathway (2.) found in Thermus
424 thermophilus, which includes N'-APA as an intermediate metabolite. (H) Volcano plots showing
425  differential abundance analysis of targeted polyamine carbamylated-derivatives in cell lysates
426  between AspeB and other evaluated lines. The feature identified as N'-APA is elevated in E. coli
427  OP50 AspeB as compared to WT E. coli OP50. Both strains were grown in the presence of 50

428 mM agmatine.
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430 Figure 3: Mutations in the polyamine transporter, catp-5, confer resistance to B. subtilis
431  AspeB. (A) Percent of WT C. elegans (N2) that developed past L4 when grown on media sup-
432  plemented with a range of concentrations of N'-APA and seeded with wild type B. subtilis after
433  incubating for 3 days at 20 °C. Control plates were supplemented with 1 mM agmatine and

434  spermidine. Experiments were performed in triplicate with ~200 animals per replicate. Error bars
435 =s.d. ™ =p<0.0001. (B) Percent of WT C. elegans that develop past L4 on modified NGM
436  (see methods) supplemented with 0.25 mM N'-APA and a concentration gradient of spermidine
437  (0.125 —1 mM). Experiments were performed in triplicate with ~300 animals per replicate. Error
438  bars =s.d. *** =p < 0.0001. (C) Percent of WT C. elegans that developed past L4 on modified
439  NGM (see methods) seeded with B. subtilis (WT) or B. subtilis AspeB (NOBb369) and supple-
440  mented with spermidine (0.125 and 1 mM). Experiments were performed in triplicate with ~300
441  animals per replicate. Error bars = s.d., *** = p < 0.008, **** = p < 0.0001, ns = not significant.
442 (D) Brightfield (BF) and fluorescent (GFP) images of growth stage matched irg-1p::GFP and
443  hsp-6p::GFP on a diet of B. subtilis (NOBb513) or B. subtilis AspeB (NOBb514). The C. elegans
444  strains were incubated on the respective B. subtilis strains for ~30 hours at 20 °C. Representa-
445  tive images were pseudo-colored using Imaged v1.54f. Scale bars are 0.5 mm. (E) Representa-
446  tive images of WT C. elegans and mutant catp-5(bur50) on B. subtilis 168 (Bs)(NOBb513) and
447  B. subtilis 168 AspeB (NOBb514). The animals were incubated at 20 °C for 3 days on their re-
448  spective diets, washed in M9 buffer, and paralyzed with tetramisole. The scale bar is 1 mm. (F)
449  Percent of WT C. elegans (N2) and catp-5(bur50-59) that developed past L4 on B. subtilis 168
450  AspeB (NOBb514) after 5 days at 26 °C. WT C. elegans on B. subtilis 168(Bs)(NOBb513) was
451  included as a control. Experiments were performed in triplicate with ~500 animals per replicate.
452  Error bars = s.d., **** = p < 0.0001 (G) Graphical representation of mutations in CATP-5 that re-
453  stored animal development per allele (bur50-59). Red = nonsense mutation. Blue = nonsynony-
454  mous mutation. Green = insertion mutation. Purple = splice adaptor mutation. Numbers 50-59
455  correspond to allele bur50-burb9.
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457  Figure 4: N'-APA functions similarly to the deoxyhypusine synthase inhibitor GC7 in di-
458  verse organisms. (A) Representative images of Pristionchus pacificus on a diet of E.

459  coli OP50, B. subtilis, and B. subtilis AspeB (NOBb369). Scale bars are 1 mm. (B) Quantifica-
460 tion of brood size in P. pacificus on a diet of E. coli OP50, B. subtilis, and B. sub-

461  tilis AspeB (NOBb369). Error bars = s.d., **** = p < 0.0001. (C) Fluorescent (GFP) images of
462  growth stage matched C. elegans encoding hsp-6p::GFP fed a diet of B. subtilis (NOBb513) on
463  NGM agar plates supplemented with 0.125 mM spermidine, N'-APA, and GC7. Chemical struc-
464  tures are shown to the right. The C. elegans strain were incubated with B. subtilis strain for ~30
465  hours at 20 °C. Representative images were pseudo-colored using Imaged v1.54f. Scale bars
466  are 0.5 mm. (D) Percent of WT C. elegans that developed past L4 on B. subtilis 168 (NOBb513)
467  after exposure to 0.125 mM spermidine, norspermidine, N'-APA, and GC7 for 3 days at 20 °C.
468  Experiments were performed in triplicate with ~500 animals per replicate. Error bars = s.d., ****

469 =p <0.0001. ns = not significant. (E) Representative flow plots, gates of RELMa+ BMMs. Pro-

470  portions of (F) RELMa and (G) CD301 BMM;, (IL-4) following treatment with 200 uM N'-APA or

471  GCT7 for 24 hours. Experiment performed in triplicate; representative of 2 independent experi-
472 ments. Error bars = S.E.M., **** = p < 0.0001, *** = p < 0.009, ** = p < 0.01. (H) N"-APA inhibits

473  elF5a hypusination in BMM,. Representative images of 3 independent experiments. (I) N'-Ani-

474  mopropylagmatine accumulates in the C. elegans intestinal lumen when the animals are grown
475  on adiet of B. subtilis AspeB. CATP-5 transports N'-APA into intestinal cells where it inhibits

476  elF5a hypusination. N'-APA antagonizes mitochondrial and immune function.
477

478
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480 Supplementary Figure 1: Loss of B. subtilis speB causes C. elegans developmental ar-
481  rest. (A) Canonical polyamine pathway. (B) Representative images corresponding to Fig. 1D.

482  Scale bars =1 mm.
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NN

épermidine (1 mM)

NGM N'-APA (1 mM)

Supplementary Figure 2: Exogenous spermidine and agmatine do not cause develop-
mental arrest. Representative images corresponding to Fig. 3A of WT C. elegans grown on
NGM seeded with B. subtilis WT (0) and supplemented with N'-APA (1 mM), agmatine (1 mM),

or spermidine (1 mM). Scale bar = 1 mm.
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491  Supplementary Figure 3: N'-APA-induced developmental arrest is mediated by mitochon-
492  drial stress. A) Brightfield (BF) and fluorescent (GFP) images of growth stage matched hsp-
493  6p.:GFP, on E. coli OP50, B. subtilis (NOBb513), Bs AspeB (NOBb514), Bs AspeB; speB(+)

494  (NOBDbA475), (B) Bs AspeE (NOBb517), Bs AspeEB (NOBb515), Bs AspeEB; speE(+)

495 (NOBDb501), Bs AspeA (NOBb516), Bs AspeA; AspeB (NOBb518), and Bs AspeA; AspeB;

496  speA(+) (NOBb503). The C. elegans strains were incubated on the respective B. subtilis strains
497  for ~30 hours at 20 °C. Representative images were pseudo-colored using Imaged v1.54f. Scale

498 bars = 0.5 mm.

499

29


https://doi.org/10.1101/2024.04.29.591726
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.29.591726; this version posted January 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

500

501 Supplementary Figure 4: hsp-4 is not activated by N'-APA. Brightfield (BF) and fluorescent
502  (GFP)images of growth stage matched hsp-4p::GFP, on E. coli OP50, B. subtilis (NT), and Bs
503 AspeB (NOBb369). Representative images were pseudo-colored using Imaged v1.54f. Scale

504 bars = 0.5 mm.

505
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C. elegans: ‘
B. subtilis:

C. elegans: bur52
B. subtilis: AspeB

C. elegans: ' ' Ir5¢ o burb9
B. subtilis: AspeB AspeB

Supplementary Figure 5: mutations in catp-5 promote C. elegans development on a diet
of B. subtilis AspeB. Representative images of WT and catp-5 (bur50-59) on a diet of B. sub-

tilis AspeB (NOBb369) after incubation at 20 °C for 3 days. Scale bars = 1 mm.
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Spermidin

0.0625 0.125 0.25 0.5 mM

Supplemental Figure 6: N'-APA and GC7 cause dose-dependent developmental arrest
and expression of hsp-6p::GFP. Fluorescent (GFP) images of C. elegans encoding hsp-
6p.:GFP fed a diet of B. subtilis 168 on NGM agar plates supplemented with 0.0625-0.5 mM
spermidine, norspermidine, N'-APA, and GC7. The C. elegans hsp6p::GFP reporter strain was
exposed to the various polyamines for ~30 hours at 20 °C on a diet of B. subtilis 168. Repre-

sentative images were pseudo-colored using ImagedJ v1.54f. Scale bars are 1 mm.
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522  Supplementary Figure 7: (A) Flow cytometry gating strategy corresponding to Fig. 4E. (B) Per-
523  centage of alive BMM, after 24 hour treatment with 200 uM N'-APA (APA) or GC7 correspond-

524  ing to Fig. 4F and 4G. Error bars = S.E.M., *** = p < 0.0001, *** = p < 0.009, ** = p <0.01. (C)

525  Replicate western blots corresponding to Fig. 4H.
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Position Sr:a;‘gr- ﬁ;ﬁr- Variant Type '(A)\rli)nsog?ir;?]nt ![:i’or(r)]tein Variant Annota- glézmate Allele
bur50 209227 C T missense_variant c.4267G>A p.Gly855Asp 103
bur51 809422 C T missense_variant c.2313G>A p.Gly400Glu 95
burb2 ?09577 C T stop_gained c.770G>A p.Trp59* 106
burb3 ?09403 C T missense_variant c.2510G>A p.Gly466Asp 112
bur54 ?09140 C T missense_variant c.5141G>A p.Gly1101Arg 65
burb5 ?09583 C T splice_acceptor_variant | c.118-1G>A intron 78
bur56 ?09410 C T missense_variant c.2435G>A p.Gly441Arg 103
burb7 809371 A T missense_variant C.2822T>A p.Ser553Arg 93
burb8 209277 G A missense_variant c.3770C>T p.Thr705Met 98
burs9 209473 G A insertion _(I:_.1059+11C> S;?A.\Ir_g)/é?/23-lso454 in- 73
Table 1: List of mutations in catp-5 that result in C. elegans development on B. subtilis AspeB
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nip-29p | clec-60p | gcs-1p | hsp-60 | hsp-16.2p | gst-4p | hsp-4 | irg-1p | sod-3p | bvilss | hsp-6p
Difference
between WT - - - - - - - + - - +
and AspeB

Table 2: Summary of C. elegans GFP reporter strains on a diet of B. subtilis 168 AspeB.
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Strain Description Reference
P. pacificus
PS312 P. pristioncus wild isolate 3
C. elegans
N2 Caenorhabditis elegans wild isolate 3
DR1572 C. elegans daf-2(e1368) IlI 3
NOB159 catp-5(bur50) G855N this study
NOB160 catp-5(burb1) G400E this study
NOB161 catp-5(burb2) W59* this study
NOB162 catp-5(burb3) G466N this study
NOB163 catp-5(burb4) G1101R this study
NOB164 catp-5(burb5) intron variant this study
NOB165 catp-5(burb6) G441R this study
NOB166 catp-5(bur57) S553R this study
NOB167 catp-5(bur58) T705M this study
NOB168 catp-5(burb9) intron variant this study
G274 fris7 [nlp-29p::GFP + col-12p::DsRed] IV 34
JIN810 agls26 [clec-60p::GFP + myo-2p::mCherry] 3
LD1171 ldIs3 [gcs-1p::GFP + rol-6(su1006)] 3
SJ4058 zcls9 [hsp-60::GFP + lin-15(+)] 3
WE5172 ajls1 [rCesC05A9.1::GFP + dpy-5(+)] X 3
CL2070 dvis70 [hsp-16.2p::GFP + rol-6(su1006)] 3
CL2166 dvis19 [(pAF15)gst-4p::GFP::NLS] Il 3
SJ4005 zcls4 [hsp-4::GFP] V 3
AU133 agls17 [myo-2p::mCherry + irg-1p::GFP] IV 34
CF1553 muls84 [(pAD76) sod-3p::GFP + rol-6(su1006)] 3
CY573 bvis5 [cyp-35B1p::GFP + gcy-7p::GFP] 3
GL347 zcls13 [hsp-6p::GFP + lin-15(+)] V 3
B. subtilis
BGSCID: 1A1 B. subtilis 168 trpC2 %
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NOBb369 B. subtilis 168 AspeB this study
NOBb475 B. subtilis 168 AspeB thrC::Pspees-speB (pNOB47) this study
NOBb501 B. subtilis 168 AspeEB thrC::Psyees-SpeE (pNOB48) this study
NOBb503 B. subtilis 168 AspeB speA::kanR thrC::Pspea-speA (pNOB49) this study
NOBb513 B. subtilis 168 thrC:.pDG 1664 this study
NOBb514 B. subtilis 168 AspeB thrC:.pDG1664 this study
NOBb515 B. subtilis 168 AspeEB thrC::.pDG1664 this study
NOBb516 B. subtilis 168 speA::kanR thrC::pDG 1664 this study
NOBb517 B. subtilis 168 speE::kanR thrC::pDG1664 this study
NOBb518 B. subtilis 168 AspeB speA::kanR thrC::pDG 1664 this study
E. coli
OP50 ura-, strR, rmc-, (delta)attB::FRT-lacl-lacUV5p-T7)
NOBb750 ura-, strR, rmc-, (delta)attB::FRT-lacl-lacUV5p-T7) AspeB This study

Table 3: List of nematode and bacterial strains used in this study.
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erm spec

Plasmid | Relevant features Parent Restriction en- PCR primers PCR template Reference
vector zymes to digest
parent vector
pDG1664 | thrC, amp, erm, spec N/A N/A N/A N/A (54)
pMAD amp, erm, ori-pE194ts N/A N/A N/A N/A (55)
pNOB41 | pMAD AspeEB pMAD Bglll, EcoRlI KN429-KN432 B. subtilis 168 this study
pNOB47 | thrC::Pspees-speB amp pDG1664 | BamHI, EcoRI KN475-KN478 B. subtilis 168 this study
erm spec
pNOB48 | thrC::Pspees-SpeE amp pDG1664 | BamHI, EcoRI KN492, KN493 B. subtilis 168 this study
erm spec
PNOB49 | thrC::Pspea-SpeA amp pDG1664 | BamHI, EcoRl KN490, KN491 B. subtilis 168 this study

Table 4: List of plasmids used in this study
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Oligo Sequence Relevant features

name

KN429 | ACACATTAACTAGACAGATCACCGTTGTATAGAC- Clone ~1 kb upstream speEB into pMAD digested with Bglll
GTTTAA and EcoRI FOR

KN430 | GACATCGTCTGGATGTTTACTAAAAAC- Clone ~1 kb upstream speEB into pMAD digested with Bglll
GATCTTTTTTTCTCATAATAGT and EcoRI REV

KN431 | ACTATTATGAGAAAAAAAGATCGTTTTTAG- Clone ~1 kb downstream speEB into pMAD digested with Bglll
TAAACATCCAGACGATGTC and EcoRI FOR

KN432 | CTGCAGAAGCTTCTAGAATTCGGA- Clone ~1 kb downstream speEB into pMAD digested with Bglll
GATGTAATATATTTATCAGAGT and EcoRI REV

KN475 | AAAACTGCTGCCTTCGGATCAACATCG- Clone 144 bp Pspees promoter into pDG 1664 digested with
CAGAACAGGACGC BamHI and EcoRI FOR

KN476 | TAAGCTTCATCAAATCTcatTT- Clone 144 bp Pspees promoter into pDG1664 digested with
GTCATCTCCCTTTCGAGG BamHI and EcoRI REV

KN477 | CCTCGAAAGGGAGATGACAAatgAGATTTGATGAA- | Clone speB into pDG1664 digested with BamHI and EcoRI
GCTTATTCA FOR

KN478 | AACTTTAGGGTTATCGAATTttaTTTCACAAACCCAA- | Clone speB into pDG1664 digested with BamHI and EcoRI
GCAG REV

KN490 | AAAACTGCTGCCTTCGGATCTTTCTTCACTCCTT- Clone speA with 184 bp Pspen promoter into pDG1664 digested
GTAGATTTAC with BamHI and EcoRI FOR

KN491 | AACTTTAGGGTTATCGAATTttaTTGAATTGCTTTTT- Clone speA with 184 bp Pspen promoter into pDG1664 digested
GTTCTTTG with BamHI and EcoRIl REV

KN492 | AAAACTGCTGCCTTCGGATCAAC- Clone speE with 201 bp Pspees promoter into pDG1664 di-

GGGTTCCCCCTTTTTTT

gested with BamHI and EcoRI FOR
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KN493

AACTTTAGGGTTATCGAATTTTATTTAATCAGGTCAC
TCACAAA

Clone speE with 201 bp Pspees promoter into pDG1664 di-
gested with BamHI and EcoRI REV

Table 5: List of oligonucleotides used in this study

40



https://doi.org/10.1101/2024.04.29.591726
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.29.591726; this version posted January 23, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

DATA AVAILABILITY
All data reported in this paper are available in the Statistics Source Data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Ordinary one-way ANOVA p-value calculations followed by a Sidak’s multiple comparisons test
were used to determine statistical significance for figures: 1D, 3A, 3C, 4B, and 4D. 2A and 2H
statistics were calculated in Compound Discoverer 3.3.3.200. Ordinary one-way ANOVA p-value
calculations followed by a Dunnett’s multiple comparisons test were performed to determine
statistical significance for figures 3F. A Two-way ANOVA followed by a Tukey multiple
comparisons test was performed to determine statistical significance for figure 3B. A Brown-
Forsythe and Welch ANOVA with Dunnett’'s T3 multiple comparisons correction was performed
for figures 4F, 4G, and SFig. 7B. All calculations were performed in GraphPad Prism 10.1.2
(324) 3. No statistical method was used to predetermine sample size. The experiments were
not randomized. The investigators were not blinded to allocation during experiments and

outcome assessment.
METHOD DETAILS
C. elegans growth media and conditions

C. elegans strains were maintained at 15 °C or 20 °C on NGM agar plates (3 g/L NaCl, 17 g/L
Agar, 2.5 g/L peptone (Bacto), 25 mM KPOs (pH 6), 5 mg/L Cholesterol, 1 mM MgSO4, 1 mM
CaCl) seeded with E. coli OP50 (CGC, DA837). All C. elegans strains used in this study are
listed in Table 3. C. elegans that were fed a diet of B. subtilis or B. subtilis mutants for
experimentation were grown on modified NGM (3 g/L NaCl, 17 g/L Agar, 5.0 g/L peptone

(Bacto), 25 mM KPO4 (pH 9.2), 5 mg/L Cholesterol, 1 mM MgSO., 1 mM CacCly).

Egg Prep Protocol
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Adult C. elegans were washed from NGM agar plates with M9 buffer (3 g/L KH2POs, 6 g/L
NaxHPO., 5 g/L NaCl, 1 mM MgSOQOsa). C. elegans were lysed with Egg Preparation Solution
(30% Sodium hypochlorite, 1 M NaOH) and monitored by dissection microscope for ~'-3

minutes. The embryos were washed 2-3 times in M9 buffer.
Bacteria growth media and conditions

All bacterial strains were grown on Lennox LB Agar (5 g/L NaCl, 10 g/L SELECT Peptone 140, 5
g/L SELECT Yeast Extract) (Invitrogen, 12780029) at 30 °C or 37 °C unless specified otherwise
and are listed in Table 3. Liquid cultures were grown at 30 °C and shaken in <5 mL Lennox LB
at 220 rpm in 18 mm glass test tubes. Bacillus strains containing pDG1664 and its derivatives
inserted at thrC were grown in Lennox LB containing MLS (25 pug/mL erythromycin (Thermo
Fisher Scientific, 50-213-296) and 5 ug/mL lincomycin (Thermo Fisher Scientific, 50-213-395)).
Bacillus non-essential gene knock out library mutants were grown in kanamycin (7.5 yg/mL
(Sigma, K1377)). Plasmid selection in E. coli was performed on Lennox LB containing

kanamycin (25 pg/mL, Sigma Aldrich, K1377) or ampicillin (100 pg/mL, Sigma Aldrich, AO166).
Bacteria strains and plasmid construction

All plasmids were constructed by isothermal assembly (ITA) and are listed in Table 4. DNA
regions for plasmid assembly were identified using Biocyc * and amplified by touchdown PCR
from the bacterial chromosomes using Q5 DNA polymerase (New England Biolabs, M0492) and
oligonucleotides from Integrated DNA Technologies (Coralville, 1A) listed in Table 5. All
oligonucleotides are listed in Table 5. PCR fragments were purified using the Monarch DNA Gel
Extraction Kit (New England Biolabs, T1020) and assemblies were performed using the
NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs, E2621). All regions amplified
by PCR were confirmed by DNA sequencing at Genewiz from Azenta Life Sciences (South

Plainfield, NJ). Plasmids were transformed according to the manufacturer’s instructions and
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maintained in E. coli DH5a competent cells (New England Biolabs, C2988J). Plasmids or
purified chromosomal DNA were transformed into B. subtilis strains by natural competency as

previously described 2°.

All Bacillus subtilis strains reported in this study are isogenic derivatives of B. subtilis 168
(BGSCID: 1A1) and are reported in Table 3. The operon encoding speEB was knocked out by
homologous recombination using the suicide vector, pMAD *. Approximately 1 kb upstream and
downstream of speEB were amplified and assembled via ITA into pMAD digested with Bglll and
EcoRI (New England Biolabs, R0144 and R3101, respectively), resulting in plasmid pNOBb41
(Table 4). The deletion was confirmed by PCR, sanger sequencing, and whole genome

sequencing.

Strain NOBb518 was constructed by transforming purified chromosomal DNA (see methods
section: Bacillus genomic DNA extraction) from strain BKK14630 (speA::kanR) %° into NOBb369

(AspeB). Chromosomal DNA was transformed by natural competency as previously described

25

Plasmids for complementation studies (pNOB47, pNOB48, and pNOB49) were constructed by
amplifying target genes from the Bacillus subtilis 168 chromosomes using the primers listed in
Table 4. These amplicons were assembled in pDG1664 digested with EcoRI and Hindlll (New
England Biolabs, R3101 and R3104, respectively) by ITA and were expressed under the control
of their respective native promoters. When necessary kanR was removed from the Bacillus

subtilis chromosome using pDR244 2° (Bacillus Genetic Stock Center, BGSCID ECE274).

E. coli OP50 AspeB (NOBb750) was constructed by P1 transduction using E.coli K12 AspeB
lysate. The lysate was prepared using E. coli P1 bacteriophage (ATCC, 25404-B1). Briefly, E.

coli K12 AspeB donor strain was grown overnight at 37 °C in LB (30 ug/mL kanamycin). The
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culture was diluted 1:100 in LB supplemented with 0.2% glucose and 5 mM CaCl,, and
incubated at 37 °C for 45 min, 220 rpm. 100 pL of E. coli bacteriophage P1 (ATCC 25404B1™)
was added to the donor bacteria culture and incubated at 37 °C for 3 hr. 200 pL of chloroform
were added and incubated at 37 °C for 5 min. The mixture was centrifuged at 9,200xg for 5 min
at 4 °C. Lysate was further purified using a 0.45 um filter before collecting the P1 phage-
containing supernatant. Recipient strain E. coli OP50 was grown overnight at 37 °C in 3 mL LB
broth. E. coli OP50 cells were resuspended in a P1 salt solution (10 mM MgCl., 5 mM CaCly).
Next, 10 uL of the P1 lysate was mixed with 100 L of the recipient cells and incubated with
shaking (220 rpm) at 37 °C for 30 min. Then, 1 mL of LB and 200 pL of 1 M sodium citrate was
added and incubated at 37 °C for 1 hr, before being centrifuged at 13,000xg for 2 min.
Transformants were selected on kanamycin (30 pg/mL) and sodium citrate (5 mM sodium

citrate) LB 3940,
Screen of wild bacterial isolates for C. elegans development

Compost samples from the Grand Rapids, Ml area were collected, diluted in M9 buffer, filtered,
and plated on LB. Single colonies were grown overnight at 30 °C and 200 L of culture was
seeded on NGMB 12-well plates. The plates were dried in a laminar flow hood. Approximately
100-200 germ-free C. elegans daf-2 (DR1572) embryos were added to each well. The plates
were incubated for 5 days at 26 °C. The abundance of L4+ animals was qualified by eye using a
dissection microscope. Strains of bacteria that promoted C. elegans development were retested

on 90 mm NGM plates to confirm.
Screen of B. subtilis 168 knockout library for loss of C. elegans development

The B. subtilis single gene deletion library--kanamycin was acquired from Addgene (Watertown,
MA, 1000000115). The parent strain was acquired from the Bacillus Genetic Stock Center

(Columbus, OH, BGSCID: 1A1). The library was replicated into 96-well plates for further use.
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Each 96-well plate was replicated and incubated overnight at 30 °C in LB. Each well was
seeded on NGMB in a 12-well plate and dried in a laminar flow hood. 50-100 C. elegans daf-2
(DR1572) embryos were added to each well. The plates were incubated for 5 days at 26 °C.
Each B. subtilis mutant that did not promote animal development was retested on a larger scale

using 90 mm plates.
Bacillus genomic DNA extraction and whole genome sequencing — B. subtilis

Single bacteria colonies were grown overnight in 3 mL liquid culture. Bacteria culture was
centrifuged at 17,000 x g for 1 min. Genomic DNA was isolated as previously described (58).
Briefly, the pelleted cells were resuspended in Chromo Lysis Buffer (50 mM EDTA, 0.1M NaCl,
pH 7.5). Lysozyme was added (20 pL of 2.5 mg/mL) and incubated at 37 °C for 10 minutes.
Sarkosyl was added (1%) and the cells were incubated for 5 minutes at 37 °C. DNA of each
isolate was extracted with phenol/chloroform/isoamyl alcohol 25:24:1 and ethanol precipitation.
Pelleted were dried and suspended in sterile DI water. Total genomic DNA was quantified using
a qubit fluorometer and visualized on a 1% agarose gel for degradation. Genomic DNA from
each isolate was submitted for whole genome sequencing on an lllumina platform PE150 at
SeqCenter (Pittsburg, PA). FastQC version 0.12.1 (GPL v3) was used to assess the quality
control of the raw sequencing data *'. Reads were trimmed using Trimmomatic version 0.39 *?
to remove adapter sequences and low-quality reads (Q<30). Unicycler version v0.5.0 with

default parameters was used to assemble the bacterial genome **.
EMS mutagenesis of WT C. elegans

L4 staged WT C. elegans were washed in M9 buffer (recipe: 3 g/L KH2POy4, 6 g/L Na:HPO4, 5
g/L NaCl, 1 mM MgSOs) 3 times and resuspended in 4 mL M9 buffer. 20 uL of Ethyl
methanesulfonate (EMS) (Sigma Aldrich, M0880) were added and the animals were incubated

for 4 hours with a rotary mixer, at 20 °C. The animals were washed three times and plated in 20
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pools of ~200 on E. coli OP50 seeded NGM. The animals were screened on B. subtilis AspeB
for development beyond L4. Approximately one animal from each pool that developed beyond

L4 was isolated and whole genome sequenced.

C. elegans genomic DNA extraction and whole genome sequencing

WT C. elegans were incubated on NGM for 3 days at 20 °C. The animals were washed in M9
buffer. and suspended 1:1 in Worm Lysis Buffer (50 mM KCI, 10 mM Tris (pH 8.3), 2.5 mM
MgCl2, 0.45% Tween 20, 0.01% Gelatin, 0.45% Nonidet P 40 Substitute (Sigma Aldrich, 74385).
The animals were incubated at 56 °C for 1 hour with 10 pL of proteinase K (20 mg/mL). After
lysis, genomic DNA was purified by phenol chloroform extraction and ethanol precipitation. DNA

pellets were resuspended in sterile DI water.

Whole genome lllumina sequencing and variant calling was performed by SeqCenter (Pittsburg,
PA). Briefly, lllumina sequencing libraries were prepared using the tagmentation-based and
PCR-based lllumina DNA Prep kit and custom IDT 10bp unique dual indices (UDI) with a target
insert size of 320 bp. No additional DNA fragmentation or size selection steps were performed.
lllumina sequencing was performed on an lllumina NovaSeq 6000 sequencer in one or more
multiplexed shared-flow-cell runs, producing 2x151bp paired-end reads. Demultiplexing, quality
control and adapter trimming was performed with bcl-convert1 (v4.1.5). The fastq paired end
reads were prepared for variant calling using Samtools and then indexed using bwa-mem index.
Raw reads were then mapped to the indexed reference using bwamem and subsequently
sorted and converted to BAM files using Samtools. GATK’s3 MarkDuplicates functionality was
used to remove duplicate reads from the alignment file. GATK’s Haplotype caller was then used
to call variants on the alignment file. BcfTools was used to filter out variants with a QD < 2, or

MQ < 40 or MQRankSum < -12.5, or ReadPosRankSum < -8, or FS > 60.0, or SOR >3.

Microscopy
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C. elegans strains were washed with M9 buffer prior to imaging to remove excess bacteria. The
animals were paralyzed with tetramisole (~10 pg/mL). and incubated for ~2 minutes. Images
| 44,

were taken with a Leica DM6 B upright microscope. Images were pseudo-colored using FIJ

Images were assembled in Adobe lllustrator 2024 28.4.1 64-bit *°.
Metabolomics
Extraction

Metabolites from LB broth were extracted via the addition of ice cold 2:2:1 (v/v) mixture of
acetonitrile:methanol:water (#A456, #A955, #W6, respectively; Thermo Fisher Scientific) at a
ratio of 30 pl sample per mL of extraction solvent. The samples were vortexed for 10 sec,
sonicated for 5 minutes in a water bath sonicator, and incubated on wet ice for 60 min. After
incubation, samples were centrifuged at 17,000g and 4 °C to pellet the insoluble fraction. The
metabolite-containing supernatant was collected, dried in a vacuum evaporator, and stored at -

80°C until derivatization.
Polyamine Derivatization

Carbamylated-derivatives were generated by derivatizing the dried metabolite fraction with
isobutylchloroformate. Dried metabolite extracts were resuspended in 200 uL of water
containing 1 pg/mL of 1,6 Diaminohexane as an internal standard. 5 pL of sodium bicarbonate
(1M, pH 9.0) was added to each sample vial followed by the addition 20 uL of isobutyl
chloroformate (177989, Sigma). Samples were vortexed for 10 seconds then incubated at 37 °C
for 15 minutes. After cooling to room temperature, 1 mL of diethyl ether (309966, Sigma) was
added, and samples were vortexed for 10 seconds. Samples were then centrifuged for 1 minute
to separate the organic and aqueous layers. 800 uL of the carbamylated metabolite containing
organic layer was transferred to an autosampler vial, and subsequently dried under a gentle

stream of nitrogen gas. Dried samples were resuspended in 100 pL of 1:1 (v/v)
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acetonitrile:water, vortexed, and 90 uL transferred to a fresh autosampler vial for LC-MS
analysis. For LCMS analysis of N'-APA, chemical standard (EN300-47248193, Enamine) was
prepared at 2 ug/mL in water and derivatized as described above as either a neat standard or

spiked into dried metabolite extracts.
Untargeted LC-MS

LC-MS analysis of samples for Fig. 2A-F was performed on derivatized metabolite extracts
analyzed by high resolution accurate mass spectrometry using an ID-X Orbitrap mass
spectrometer (Thermo Fisher Scientific) coupled to a Thermo Vanquish Horizon liquid
chromatography system. 2 pL of sample volume was injected on column. Chromatographic
separations were accomplished with a Cortecs T3 (1204, 1.6 um, 2.1 mm x 150 mm) analytical
column (#186008500, Waters, Eschborn, Germany) fitted with a pre-guard column (1204, 1.6
um, 2.1mm x 5 mm; #186008508, Waters, Eschborn, Germany) using an elution gradient with a
binary solvent system. Solvent A consisted of LC/MS grade water (W6—4, Fisher), and Solvent B
was 99% LC-MS grade acetonitrile (A955, Fisher). Both mobile phases contained 0.1% (v/v)
formic acid (A11710X1, Fisher). The 15-min analytical gradient at a flow rate of 400 yL/min was:
0—0.5 min hold at 100% A, 0.5-2.0 min ramp from 0% B to 40% B, 2.0-10.0 min from 40% B to
99% B, then held at 99% B from 10.0-15.0 min. Following the analytical separation, the column
was re-equilibrated for 3.5 min as follows: 0—0.5 min hold at 100% A at 600 yL/min, 0.5-0.6 min
decrease from 600 uL/min to 400 yL/min, 0.6—-3.5 min hold at 100% A and 400 uL/min. The
column temperature was maintained at 50°C. The H-ESI source was operated at spray voltage
of 2500 V(negative mode)/3500 V(positive mode), sheath gas: 70 a.u., aux gas: 25 a.u., sweep
gas: 1 a.u., ion transfer tube: 300°C, vaporizer: 250 °C. Sample data were collected via data
dependent MS2 (ddMS2) fragmentation using MS1 resolution at 60,000, MS2 resolution at
7,500, intensity threshold at 2.0 x 104, and dynamic exclusion after two triggers for 10 s.

MS2 fragmentation was completed first with HCD using stepped collision energies at 15, 30,
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and 45% and was followed on the next scan by CID fragmentation in assisted collision energy
mode at 15, 30, and 45% with an activation Q of 0.25. MS1 scans used custom AGC target of
25% in positive mode and a maximum injection time of 50 ms. MS2 scans used standard AGC
target and a maximum injection time of 22ms. The total cycle time of the MS1 and ddMS2 scans
was 0.6 s. Untargeted metabolomics data were analyzed in Compound Discoverer (v 3.3,
Thermo). Figures were prepared in GraphPad Prism and FreeStyle™ 1.8 SP2 QF1 Version

1.8.65.0.
Targeted LC-MS

LC-MS analysis of samples for Fig. 2H was performed on derivatized metabolite extracts
analyzed using an Agilent 6470 LC-QQQ mass spectrometer coupled to a Agilent 1290 UHPLC
system as previously reported?’. Targeted metabolomics data were analyzed in Skyline
23.1.0.455 (Agilent). Statistics were performed using ols and anova_lm from statsmodels
0.14.4, posthoc_ttest from scikit_posthocs 0.7.0 with no corrections, and multipletests, method
= fdr_bh from statsmodels 0.14.4 for global p-value corrections. Figures were prepared in

GraphPad Prism 10.3.0 (507).

Brood size count

Pristionchus pacificus PS312 grew to adulthood on NGM plates seeded with E. coli OP50 at 20
°C. Embryos were isolated using egg preparation solution and plated on NGMB plates seeded
with the respective bacterial strains. Bacterial strains were grown overnight at 30 °C before
seeding. Once the animals reached the L4 growth stage, 10 animals were singled onto NGMB
seeded with the respective bacterial strains, prepared from overnight cultures grown at 30 °C.

The plates were incubated at 20 °C for the duration of the experiment. Offspring were counted
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each day for approximately 5 days. Animals that died on day 1 or 2 were removed from the data

set.
Cell Culture

Bone marrow cells from femur were isolated from C57BL/6 female mice, RBC lysed, pooled
(n=3-6 mice), counted, and resuspended at 1x10*7/ml, and plated at 1.5x10”6 per well. To
generate Bone Marrow Macrophages (BMM®) cells were cultured in RPMI supplemented with
10% FBS (Hyclone), 2mM L-glutamine (Gibco), 100U/mL penicillin/streptomycin (Gibco), with
20ng/ml M-CSF (R&D; 416-ML-050) for 7 days. BMM«(IL4) were generated with 20ng/ml IL-4
(Peprotech 214-14-20ug) overnight from day 7; N"guanyl-1 7-diaminoheptane (Stock 20mM)

(GC7 1:100) 200uM and N'-APA (Stock 20mM) (APA 1:100) 200uM treatment began on day 7.

BMM Flow

Following treatment on D7, BMMo were harvested, washed and stained for flow cytometry.
Samples were incubated with Fc block and eFluor 506 Fixable Viability Dye (ThermoFisher) in
PBS, followed by an antibody cocktail prepared in wash buffer (PBS with 1% FBS, 1 mM EDTA,
and 0.05% NaNBz). For intracellular staining, cells were fixed with IC fixation buffer
(eBioscience/ThermoFisher) for 30 minutes, permeabilized using Permeabilization Buffer
(eBioscience/ThermoFisher) and incubated for at least one hour with antibodies targeting
intracellular proteins. Samples were acquired on the Cytek Aurora spectral cytometer and data

analyzed using FlowJo v10.

BMM, Western Blot for Hypusine and elF5a
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After 24 hours of treatment, BMM® were removed from culture by washing with warm 1xPBS
followed by a wash with chilled 1xPBS and placed on ice for 5 minutes then gently scraped,
resuspended and put into 15ml falcon tubes. Cells were pelleted at 4°C for 5min at 400g. Pellets
were lysed with 1x CHAPS lysis buffer (+Pl;+PMSF) freeze thawed twice at -80°C, sonicated by
10 seconds in an ice slurry followed by 1 minute rest (repeated 5 times). Supernatant was
clarified by centrifuging for 15 minutes 4°C at 17,000xg. Lysed samples were stored at -80°C.
Protein quantification was done with the Pierce 660nm Protein Assay Reagent (ThermoFisher;
22660); samples were diluted 1:2 in 1XCHAPS and read on a plate reader along with Pre-diluted
Protein Assay Standards: Bovine Serum Albumin Set (ThermoFisher; 23208). For Hypusination
and elF5A blots,1 to 5ug of protein for each sample was removed, brought up to volume with
1xCHAPS and 6xLB. Samples were heated at 70°C for 10 minutes. For Western Blot 4-20%
mini-protean gels were used and ran at 70V for 30 minutes and 100V until desired (30min).
Proteins were transferred to PVDF membranes, blocked for 1hr 4°C in 5% milk. Membranes
were incubated with primary antibodies for anti-hypusine (1:10000) (Millipore ABS1064-1-25ul)
and anti-elF-5a (1:10000) (BD Biosciences 611976) overnight at 4°C in 5% BSA+TBST.

Secondary antibodies, 1hr RT 1:10000 in 5% milk+TBST.
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