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SUMMARY

Host-pathogen interactions are complex by nature, and the host developmental stage increases 

this complexity. By utilizing Caenorhabditis elegans larvae as the host and the bacterium 

Pseudomonas aeruginosa as the pathogen, we investigated how a developing organism copes 

with pathogenic stress. By screening 36 P. aeruginosa isolates, we found that the CF18 strain 

causes a severe but reversible developmental delay via induction of reactive oxygen species 

(ROS) and mitochondrial dysfunction. While the larvae upregulate mitophagy, antimicrobial, and 

detoxification genes, mitochondrial unfolded protein response (UPRmt) genes are repressed. Either 

antioxidant or iron supplementation rescues the phenotypes. We examined the virulence factors of 

CF18 via transposon mutagenesis and RNA sequencing (RNA-seq). We found that non-phenazine 

toxins that are regulated by quorum sensing (QS) and the GacA/S system are responsible for 

developmental slowing. This study highlights the importance of ROS levels and mitochondrial 

health as determinants of developmental rate and how pathogens can attack these important 

features.
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In brief

Mirza et al. show that a P. aeruginosa strain reversibly slows development of C. elegans via non-

phenazine toxins that induce ROS, disturb iron homeostasis, and cause mitochondrial dysfunction. 

While the UPRmt is repressed, the animals turn on mitophagy, detoxification, and immune defense 

genes to cope with this pathogenic stress.

INTRODUCTION

Animals and pathogenic bacteria routinely interact in the wild, and these interactions involve 

conflicting and adaptive responses. Host age is a determinant of the outcome of these 

interactions because vulnerabilities are more pronounced in developing and older animals, 

possibly because of immature defense systems and immunosenescence, respectively.1,2 

How a developing organism ensures survival under pathogenic stress while maintaining 

developmental and reproductive potential is poorly understood.

Caenorhabditis elegans is a valuable model organism to study development and host-

pathogen interactions because of its fast development time and genetic tractability and 

because it is a microbivore. It develops in ~2 days at 25°C: a fertilized egg hatches, 

and the animal develops through four larval stages (L1–L4) to reach the reproductive 

adult stage.3–5 C. elegans developmental rate, survival, and other life-history traits can 

be affected by bacterial diet.6,7 The animal can distinguish bacteria that support growth 

and learn to avoid bacteria with poor nutritional value.8 C. elegans is susceptible to many 
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pathogens, including the opportunistic human pathogen Pseudomonas aeruginosa, and the 

animal possesses conserved innate immunity pathways, such as the p38 mitogen-activated 

protein kinase (MAPK) pathway.9 When C. elegans adapts to nutritional and pathogenic 

factors, there can be trade-offs, including reduced fecundity and accelerated development as 

well as immune system activation and somatic lipid loss.6,10,11

Pathogens target various cellular processes and organelles in the host, including iron-rich 

mitochondria.12 Mitochondria are the powerhouses of cells and a major source of reactive 

oxygen species (ROS). At physiological levels, ROS serve as signaling molecules; however, 

at higher levels, ROS are detrimental, causing the oxidation of biomolecules and the 

disruption of iron homeostasis.13 Most organisms maintain iron levels within a narrow 

range. Low iron interferes with core functions, including energy production and DNA 

synthesis; high iron increases ROS via the Fenton reaction.14–16 A recent study showed that 

244 Escherichia coli mutants that have low bioavailable iron, either because of high ROS 

or defects in iron uptake/utilization, cause oxidative stress and mildly slow C. elegans larval 

development. Antioxidants or iron supplementation rescue this slow larval development.17 

These results indicate that optimum growth requires maintaining the balance between ROS 

and iron levels.

Upon detection of mitochondrial dysfunction, hosts transcriptionally activate the 

mitochondrial unfolded protein response (UPRmt), which results in the induction of genes 

involved in ROS detoxification, recovery of oxidative phosphorylation, and chaperones that 

re-establish mitochondrial proteostasis.18,19 C. elegans also activates anti-microbial and 

xenobiotic detoxifying pathways.20

P. aeruginosa has numerous virulence regulators, including three QS systems, Las, Rhl, and 

Pqs,21 and a GacA/S two-component system,22 which allow the pathogen to utilize a wide 

range of virulence factors under different conditions. These virulence factors include toxins 

that damage mitochondria or induce ROS, including phenazines and hydrogen cyanide 

(HCN).23,24 Phenazines are redox-active, diffusible, small compounds that cause ROS 

production and oxidative stress in recipient cells.25 HCN exerts its toxicity through the 

inhibition of the electron transport chain.26

Here, we asked whether any of 36 P. aeruginosa strains affect C. elegans larval 

developmental rates. We focused on the CF18 strain, which dramatically but reversibly 

slows the animal’s development by high ROS levels and mitochondrial dysfunction. 

Remarkably, however, the UPRmt was not activated; instead, mitophagy genes were induced. 

We found that CF18 utilizes non-phenazine toxin(s) that are under the control of both QS 

and the GacA/S system.

RESULTS

Three groups of P. aeruginosa strains that affect C. elegans developmental rate

Different P. aeruginosa strains have different degrees of virulence toward adult C. elegans; 

however, their effects on larval development have not been examined.27 We fed L1 larvae 

36 P aeruginosa strains and observed three main C. elegans larval developmental effects: 
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normal, moderately slow, and slow development, which were defined as larvae reaching 

adulthood in 2 (25), 3 (8), or more than 3 days (3), respectively (Figures 1A and 1B; 

Table S1). The CF18 strain caused the most severe developmental delay; none of the larvae 

reached adulthood after more than 85 h. Strains with strong virulence for adult worms also 

delay larval development; however, strains with moderate adult virulence can be tolerated 

by larvae (Figure 1C), indicating that adult and larval phenotypes can be uncoupled, which 

likely reflects partly distinct mechanisms.

We investigated whether there is a correlation between the degree of larval development 

slowing and the bacterial growth rate. We reasoned that fast-growing bacteria could reach a 

high bacterial density, leading to the production of QS-related virulence factors earlier than 

slower-growing strains, or that slow-growing bacteria could form thinner lawns, which may 

cause reduced bacterial intake. We found that the degree of developmental slowing in C. 
elegans did not correlate with the bacterial growth rate (Figure S1A).

P. aeruginosa CF18 causes reversible developmental slowing

None of the C. elegans larvae fed CF18 reached adulthood at day 3. Visual inspection 

showed that most of the animals appeared to be stalled at the L2 stage. The Plag-2::GFP 
reporter is expressed in the distal tip cells,28,29 and we observed a slow but steady increase 

in gonad length relative to body length over time when we fed this strain with CF18, 

showing that development is not arrested but, rather, extremely slow (Figures 1D and S1B). 

hlh-8::GFP is expressed in M cells,30 a single blast cell that gives rise to all postembryonic 

mesodermal cells.3 We found that M cell divisions are already delayed in CF18-fed larvae 

at the 6-h time point (Figure 1E), indicating that developmental slowing begins shortly after 

CF18 exposure.

Under stressful conditions, C. elegans can develop into a stress-resistant and long-lived 

alternative third larval stage called dauer diapause.31 We evaluated whether CF18-fed larvae 

form dauers that are resistant to SDS treatment. Our results showed that CF18-fed animals 

did not form dauers (Figure S1C).

Larvae fed CF18 for up to 3 days resumed normal development when transferred to non-

pathogenic bacteria (Figures 1F and S1D). These animals developed into fully reproductive 

adults whose survival was similar to animals raised on non-pathogenic bacteria (Figures S1E 

and S1F). Thus, larvae maintain full developmental potential while exposed to CF18, and 

adults exhibit no apparent fitness cost from CF18-induced developmental slowing early in 

life.

Developmental delay is a result of CF18 pathogenicity

To assess the mechanism of developmental slowing by CF18, we first examined whether 

slowing could be attributed to a deficiency of this bacterial strain in nutrient(s). We 

reasoned that ultraviolet (UV) treatment of CF18 would inactivate UV-labile compounds 

but should not alleviate any nutritional deficiencies CF18 may have. UV irradiation (0.15 

J) reduced the number of bacterial colony-forming units (CFUs) from 6.45E+10 CFUs/

plate to 1.79E+05 CFUs/plate, showing that UV radiation has a potent effect on bacteria 

(Figure S1G). Strikingly, larvae developed faster on UV-treated CF18 lawns compared with 
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unirradiated lawns, indicating that slowing requires the activity of live CF18 bacteria and 

further suggesting that developmental slowing caused by CF18 could not be attributed to a 

deficiency of this bacterial strain in nutrient(s) essential for normal C. elegans development 

(Figure 1G). UV treatment of CF18 would be expected to inactivate UV-labile compounds 

but should not alleviate nutritional deficiencies.

Many P. aeruginosa strains secrete pathogenic compounds, including phenazines, 

siderophores, rhamnolipids, and proteases.22 In our assays, bacterial plates were pre-

incubated for 2 days before adding larvae, which enabled an accumulation of secreted 

compounds. To determine whether bacterially secreted compounds play a role in 

developmental slowing, we transferred the bacterial lawn grown for 2 days to fresh plates, 

immediately added larvae, and compared their growth rates with those that had been 

cultured on undisturbed CF18 plates. We found that larvae grown on bacteria that had 

been transferred developed faster than control larvae (Figure 1G). These results indicate 

that developmental slowing by CF18 requires one or more secreted compounds. To rule out 

other potentially contributing factors, such as biofilm disruption and reduced bacterial CFUs 

during transfer, we collected and re-plated the lawn to original plates. Bacteria re-plated 

to the original plates slowed development in a manner comparable with undisturbed plates 

(Figure S1H). We also confirmed that the number of bacteria transferred was comparable 

with the undisrupted plates (Figure S1G).

P. aeruginosa gacA mutants display attenuated virulence in mouse, Arabidopsis, and adult C. 
elegans infection models.32,33 To verify that developmental slowing is a result of virulence, 

we created a CF18 gacA mutant and found that animals fed this strain exhibited a normal 

development rate (Figures 1I and 1J). This result confirms that slow development is a result 

of active bacterial pathogenesis.

P. aeruginosa PA14 colonizes the gut in L4 and adult animals but not earlier larval stages.32 

Therefore, we examined whether the larval gut was colonized by CF18 in developmentally 

slowed L1 and L2 larvae. CF18-fed larvae exhibited no gut colonization by bacteria (average 

of 0–20 bacteria/larva) for up to 96 h. Animals fed PA14 or HB101 exhibited a similar 

number of live bacteria in their gut as CF18-fed larvae in early larval stages. The guts of 

the PA14 and HB101-fed animals became colonized over time as they progressed to the L4 

and adult stages. Because CF18-fed larvae did not develop beyond the L3 stage, their gut 

remained uncolonized (Figure 1H).

Transcriptome analysis of CF18-fed larvae shows upregulation of genes involved in 
immune defense and mitophagy

We hypothesized that CF18-fed larvae may activate the expression of pathogen-defense 

genes and other programs that enable them to cope with virulence factors and maintain 

their developmental potential. We compared the transcriptomes of larvae fed wild-type (WT) 

CF18 and CF18 gacA mutant bacteria after 4 and 6 hours of feeding.

A total of 2,428 genes were differentially expressed between 4-h WT CF18 and 4-h CF18 

gacA-fed larvae: 1,240 genes were upregulated, and 1,188 genes were downregulated. 

Usingthe database for annotation, visualization and integrated discovery (DAVID)34 and 
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WormCat,35 we found that autophagy-, mitophagy-, detoxification-, and immune defense-

related genes are elevated in larvae fed WT CF18 compared with larvae fed CF18 gacA 
as early as after 4 h of exposure (Figures 2A and S2A). In addition, genes related to cell 

division, DNA replication, and translation were reduced in animals fed WT CF18, consistent 

with their slowed development (Figure S2B). We obtained similar results by comparing 

differentially expressed genes between 6-h WT CF18-fed and 6-h CF18 gacA-fed larvae 

(Figures S2C and S2D).

We found a significant overlap among the genes reported to be differentially expressed in 

adult animals fed PA1436 and larvae fed CF18 for 4 h (Table S2). Moreover, genes that were 

differentially expressed in WT CF18-fed larvae significantly overlapped with pmk-1 and 

daf-16-dependent genes identified in other studies.36,37 Thus, both larvae and adult animals 

turn on their daf-16-dependent detoxification and pmk-1-dependent immune system gene 

expression upon exposure to P. aeruginosa.

CF18 causes mitochondrial dysfunction and high ROS in C. elegans larvae

The observation that mitophagy genes are upregulated in CF18-fed larvae suggests that 

these animals experience mitochondrial dysfunction. To distinguish whether the induction 

of mitophagy is a protective response or a part of CF18 pathogenesis, we examined the 

recovery and survival of C. elegans mitophagy mutants (pink-1(ok3538), dct-1(luc194), and 

pdr-1(gk448)) on CF18. Mitophagy mutants exhibited shorter survival compared with WT 

animals when fed with CF18 (Figure 2B). Additionally, after 2 days of CF18 exposure, 

mitophagy mutant larvae transferred to non-pathogenic bacteria exhibited significantly 

reduced rates of recovery compared with the WT animals (Figure 2C). Thus, mitophagy 

is beneficial to larvae and required for survival on CF18 and for recovery after transfer to 

non-pathogenic bacteria.

To examine the mitochondrial health of CF18-fed larvae, we first measured oxygen 

consumption rates (OCRs) of larvae fed various bacteria. While we did not observe a 

difference in OCR values for larvae fed for 1 h, a difference in OCR values emerged by 2 h 

of feeding (Figures S3A and S3B). Basal and maximal OCR values were significantly lower 

in CF18-fed larvae than CF18 gacA-fed larvae after 4 h of feeding. While larvae fed PA14 

(a moderately slowing strain) also exhibited low basal and maximal OCR values, there was a 

small but statistically significant difference between basal OCR rates for CF18- vs. PA14-fed 

larvae. (Figures 2D and 2E).

To investigate the mitochondrial membrane potential (ΔΨm) of CF18-fed larvae, we used 

tetramethylrhodamine ethyl ester perchlorate (TMRE), which is a positively charged dye 

that accumulates in healthy mitochondria because of its negative charge.38,39 Depolarized 

mitochondria fail to accumulate this dye.39 ΔΨm is generated by electron transport chain 

(ETC) complexes I, III, and IV by pumping H+ ions across the inner membrane to the 

intermembrane space and is then utilized by complex V to generate ATP.40 In addition to 

generating ATP, ΔΨm is required for mitochondrial transport.40 ΔΨm is maintained in a 

stable range, and disturbances in ΔΨm indicate mitochondrial dysfunction. TMRE staining 

showed that the mitochondria of CF18-fed larvae depolarized in comparison with CF18 

gacA-fed larvae, which readily accumulate TMRE (Figure 2F).
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Mitochondria are dynamic organelles: they regularly undergo fusion and fission, and 

mitochondrial morphology is an indicator of their health.38 We assessed the morphology 

of the mitochondrial network of body wall muscle as described by Sarasija and Norman.38 

The mitochondrial network was fragmented in CF18-fed larvae, while gacA-fed larvae had a 

healthy linear mitochondrial network (Figure 2G). These results confirm that CF18 induces 

mitochondrial dysfunction.

Because mitochondria are the main source of ROS, and because defective mitochondria 

can produce higher levels of ROS,41,42 we measured ROS levels of larvae fed CF18, 

PA14, or CF18 gacA mutants using MitoSOX Red.42 We found that the level of 

ROS was higher in CF18-fed larvae than CF18 gacA-fed larvae, and larvae fed PA14 

had intermediate levels of ROS (Figure 2H). Using a second ROS-detecting dye, 6-

carboxy-2′,7′-dichlorodihydrofluorescein diacetate (H2-DCFDA), we confirmed that CF18-

fed larvae had elevated levels of ROS (Figure S3C). These results show a correlation 

between developmental slowing and ROS levels in larvae.

To examine whether high ROS levels accompany other types of developmental slowing, 

we conducted a small survey of 21 RNAi clones that target a diverse class of genes and 

slow development.43,44 We found that 9 of 21 RNAi clones, belonging to “protein synthesis, 

transcription factor, metabolism, mitochondrial function” classes,43,44 induced high ROS, 

and 12 of 21 slowed larval development without elevated ROS levels (Figure S3D). Thus, 

high ROS levels do not necessarily accompany all modes of developmental slowing.

UPRmt is not induced in larvae fed CF18

To test whether mitochondrial dysfunction and mitophagy in CF18-fed larvae are 

accompanied by induction of the protective UPRmt, we examined the expression of UPRmt 

reporters. Surprisingly, two signature UPRmt genes, hsp-6 and hsp-60,45 were not induced 

in CF18-fed larvae (Figures 2I and 2J). The mitochondrial superoxide dismutase SOD-3, 

which neutralizes superoxide in the mitochondria and is regulated by the daf-2 insulin-

like signaling pathway,46 was also not induced in CF18-fed larvae (Figure 2K). Thus, 

mitochondrial dysfunction is not coupled to conventional mitochondrial damage response in 

CF18-fed animals.

We next asked whether activation of UPRmt by mutation may restore mitochondrial 

function, reduce ROS production, and consequently allow larvae to develop faster. We tested 

atfs-1(et15) and zip-3(gk3164) C. elegans mutants that have constitutively active UPRmt47 

and found that both mutant animals did not develop faster than WT animals, showing that 

activation of UPRmt is not sufficient to overcome CF18-induced developmental slowing 

(Figure 2L).

Antioxidants and iron supplementation prevent CF18-induced C. elegans mitochondrial 
dysfunction and developmental slowing

To further test whether increased ROS levels contribute to developmental delay, we 

supplemented plates with either of two antioxidants, N-acetyl cysteine (NAC) or resveratrol, 

which alleviate high ROS in C. elegans.17,48 Both antioxidants rescued developmental 

slowing in a dose- and time-dependent manner (Figures 3A and 3B), while they had 
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no effect on the developmental phenotype of the gacA-fed larvae (Figures 3C and 3D). 

Antioxidants also restored the ΔΨm of CF18-fed larvae (Figure 3E).

Next, we assessed the role of iron because iron influences mitochondrial health and 

ROS generation and is also required for C. elegans development.15,17,49 We found that 

supplementing the medium of CF18-fed animals with ferric chloride partially rescued 

developmental slowing, although less efficiently than antioxidants (Figures 3F and 3G). 

Iron supplementation also improved ΔΨm of larvae fed CF18 in a dose-dependent manner 

(Figure 3E). NAC and ferric chloride did not inhibit bacterial growth at the doses used 

(Figures S3E and S3F).

While we did not observe a correlation between bacterial ROS levels and larval 

developmental rates (Figure 3H), we did find that developmental phenotypes are correlated 

with larval ROS levels (Figure 2H). NAC and, to a lesser extent, iron supplementation 

significantly reduced ROS levels of CF18-fed larvae (Figure 3I). These results show that 

ROS levels are elevated in CF18-fed larvae and that supplementing antioxidants or iron 

reduces these levels.

To test whether pharmacological induction of high ROS and/or low iron in animals fed 

non-pathogenic bacteria could phenocopy the developmental slowing by CF18, we used 

paraquat to induce mitochondrial ROS50,51 and the iron-specific chelator bipyridine (BP) to 

disrupt iron homeostasis. We observed dose-dependent developmental slowing under both 

conditions (Figures 4A and 4B). Both paraquat and BP increased ROS and reduced TMRE 

accumulation in mitochondria relative to their respective controls (Figures 4C and 4D). 

Importantly, similar to larvae fed CF18, animals exposed to paraquat or BP can resume 

development when transferred to plates lacking these chemicals (Figures 4E and 4F). Taken 

together, these results show that imbalances in iron homeostasis and high levels of ROS 

induce reversible developmental slowing in C. elegans.

Because iron metabolism and ROS levels are interconnected—high ROS cause low iron 

bioavailability17 and low iron levels cause high ROS52—we assessed whether either the 

iron imbalance or the high ROS levels alone could account for developmental slowing. We 

tested whether iron supplementation could rescue paraquat-induced developmental slowing 

and whether NAC could rescue BP-induced developmental slowing. Iron supplementation 

showed minimal rescue of developmental slowing at one-third of the paraquat dose (25 mM) 

that we used in our experiments (Figure 4G), while it was ineffective for the full paraquat 

dose (75 mM) (Figure S3G). Similarly, NAC supplementation was ineffective for the full 

BP dose (150 μM) (Figure S3H), and it partially alleviated the developmental slowing 

induced by half the dose of BP (75 μM) (Figure 4H). These results imply that, while there 

is an interaction between iron metabolism and ROS levels, iron imbalance and high ROS 

levels individually contribute to developmental slowing rather than converging on a single 

mechanism.

Last, we used the intracellular Mg2+ indicator Magnesium Green AM and the 

mitochondrion-specific Ca2+ indicator dye Rhodamine 2 AM to investigate whether Mg2+ 

and Ca2+ balance is changed in CF18- and CF18 gacA-fed larvae because these divalent 
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cations affect bioenergetics and mitochondrial ROS production.53–55 We did not find a 

difference in Magnesium Green fluorescence levels in CF18- and CF18 gacA-fed larvae 

(Figures S3I and S3J). Rhodamine 2 AM did not show mitochondrial localization, and there 

was no difference in total Rhodamine 2 AM fluorescence in the intestine of CF18- and 

CF18 gacA-fed larvae. Consequently, we cannot conclude whether the calcium balance was 

changed in CF18-fed larvae (Figures S3K and S3L).

Phenazines are not involved in CF18-mediated developmental slowing

Next, we asked which bacterial factors cause high ROS and mitochondrial dysfunction in 

CF18-fed larvae. We first considered phenazines, secondary metabolites of Pseudomonas 
that can induce high ROS and mitochondrial dysfunction in recipient cells.56,57 CF18, like 

many other P. aeruginosa strains, contains two redundant phenazine biosynthesis operons, 

phzA1-G1 (phz1) and phzA2-G2 (phz2), which are regulated by three QS (Las, Rhl, and 

PqS) and the GacA/S two-component system.58,59 We deleted the two phenazine operons 

and fed this double mutant to C. elegans larvae. Surprisingly, larvae still developed slowly 

on this mutant, antioxidant and iron supplementation still rescued this phenotype, and ΔΨm 

was still disrupted (Figures 5A and 5B). In CF18 Δphz1–2-and WT CF18-fed larvae, ROS 

levels were similar. PA14 Δphz1–2-fed larvae showed a slight reduction in ROS compared 

with WT PA14-fed larvae but still exhibited higher ROS levels than fully attenuated 

CF18 gacA-fed larvae. (Figure 5C). These results show that phenazines are not critical 

components of CF18-induced developmental slowing.

Biofilm, chemotaxis, and type VI secretion systems are upregulated in WT CF18 compared 
with the CF18 gacA mutant

Because the GacA/S system is required for full virulence, we asked whether other bacterial 

genes regulated by this system are important for developmental slowing in C. elegans. 

We compared bacterial gene expression in WT CF18 relative to CF18 gacA mutants and 

identified 252 upregulated and 166 downregulated genes in WT CF18. Enrichment analysis 

showed that type VI secretion-related and chemotaxis genes are increased in expression 

in WT CF18 bacteria (Figure 5D), whereas siderophore biosynthesis genes are decreased 

(Figures 5D, S4A, and S4B). Siderophores are iron-scavenging molecules, and P. aeruginosa 
produces two types: pyoverdine and pyochelin.60 These results suggest that CF18 may not 

be experiencing iron starvation. Because the CF18 genome is poorly annotated, we also 

manually inspected the upregulated genes in WT CF18, focusing on potential mitochondrial 

toxins and toxin delivery systems. This led us to focus on type VI (subtype H1 and H3) toxin 

delivery systems, which showed about 5-fold enrichment in gene enrichment analysis, and 

HCN biosynthesis genes, which increased about 2-fold in WT CF18 (Figures 5E–5G).

The type VI secretion system is a versatile toxin delivery system that can target both 

prokaryotic and eukaryotic cells.61 P. aeruginosa possesses three type VI secretion systems: 

H1-T6SS, H2-T6SS, and H3-T6SS.61,62 While the H1 and H3-T6SS genes are among 

the genes upregulated most in WT CF18 compared with gacA, H2-T6SS was not 

differentially expressed. We created H1 and H3-T6SS mutants by deleting parts of the 

operon encoding the core structural components and found that larvae fed these mutants 

were still developmentally delayed, and iron or antioxidant supplementation still rescued 
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this phenotype (Figure 5H). Therefore, these toxin delivery systems are not involved in 

mediating developmental slowing by CF18.

Based on the 2-fold upregulation in our bacterial RNA sequencing (RNA-seq) data and a 

literature search of known mitochondrial toxins of P. aeruginosa, HCN was a second toxin 

candidate. HCN inhibits mitochondrial respiration and causes high ROS levels.63–65 We 

created a CF18 deletion mutant of the HCN synthase operon but again observed neither 

alleviation in developmental slowing of C. elegans larvae nor an increase in OCR rate; 

moreover, supplementation of either iron or NAC still rescued this phenotype (Figures 5H 

and 5I).

CF18 genes required for developmental delay of C. elegans

To identify bacterial genes that are required for the slowing of C. elegans larval 

development, we created a mariner C9 transposon insertion library66 of ~10,000 CF18 

mutants.66 We screened this library in triplicate using transgenic animals carrying 

Pcol-19:GFP, which is expressed at the L4 molt,67 thus allowing us to visually identify 

animals that have completed larval development (Figure 6A). We obtained 66 independent 

mutants that each carry a single transposon insertion in one of 42 different genes, which are 

hereafter referred to as “hits.” We manually grouped these hits into eight categories: QS, 

two-component system, motility, purine metabolism, pyrimidine metabolism, amino acid 

metabolism, propionate metabolism, and other (Figure 6B).

We found hits in all three QS systems—specifically lasI, lasR, rhlR, pqsR, and pqsB—all 

of which support normal C. elegans development. Both gacA and gacS mutants were found 

and, as expected, fully rescued development.69 We identified four genes involved in amino 

acid metabolism: liuA, liuB, liuE, and liuR, which are required for leucine breakdown; 

trpC and trpF, which are required for tryptophan metabolism; and cysQ, which is involved 

in cysteine metabolism. We also found two genes that are required for propionic acid 

breakdown: prpB and prpC. This result suggests that amino acid breakdown products may 

be involved in synthesizing the CF18 toxin(s).

Another group of hits belongs to purine biosynthesis pathways; we obtained multiple alleles 

of the de novo purine biosynthesis genes purH, purL, purM, and purK. While these purine 

mutants formed thinner lawns, they were fully permissive to normal development. We 

supplemented these mutants with each of four nucleobases—adenine, guanine, thymine, 

and cytidine—and found that only adenine supplementation restored the pathogenicity of 

the CF18 purine mutants (Figures 6C–6E). Nucleobase supplementation had no effect on 

non-purine mutants or WT CF18 (Figures 6F, S5A, and S5B). Importantly, we found that 

using a higher bacterial density of slow-growing mutants did not restore the pathogenicity 

of these mutants (Figure 6G). Overall, pathogenicity restoration of the purine mutants by 

metabolite supplementation, rather than increasing cell density, suggests that core metabolic 

processes are relevant and necessary for full virulence of CF18.

Our mutants showed varying degrees of attenuation of developmental slowing compared 

with the WT CF18 (Figure 6H and S5C). We found that most of the mutants attenuated for 
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larval slowing showed varying degrees of attenuation for adult survival, suggesting that most 

of the hits are relevant to both phenotypes (Figure S5D).

P. aeruginosa genes can be grouped into a core genome, present in most strains, and 

an accessory genome that is less prevalent and differs among strains.27,70 We wondered 

whether the higher virulence of CF18 compared with the other strains can be explained by 

unique accessory genes in CF18. We classified genes that are present in more than 90% 

of strains as a core genome and genes that were present in fewer than 90% of strains as 

accessory genes.27 Only two hits from our screen are part of the accessory genome of CF18, 

including Q002_01995, which encodes a hypothetical protein, and pilV. These genes are 

present in 50% and 72%, respectively, of the 36 strains tested (Figure 6I). Therefore, we did 

not identify a virulence gene unique to CF18. Next, we aligned the amino acid sequences of 

each protein encoded by a hit across the 36 Pseudomonas strains tested but did not find any 

alleles that are unique to CF18 (Data S1).

We compared our CF18 mutants with PA14 adult virulence mutants:68 Only eight hits were 

not found in the PA14 screen, most of which are relatively understudied (Figure 6J; Table 

S3). The large overlap between CF18 and PA14 transposon mutagenesis hits highlights the 

prevalence of common virulence factors for adult killing by PA14 and larval slowing by 

CF18.

ROS levels and OCRs correlate with developmental timing in larvae fed partially or fully 
attenuated CF18 mutants

Larvae fed fully attenuated (causing normal larval growth rate) rhlR or gacA mutant CF18 

exhibited significantly improved OCRs in comparison with WT CF18. Larvae fed partially 

attenuated CF18 mutants (ccmB, cysQ, and fleN) showed only a slight increase in OCR 

(Figure 6K). Developmental rates showed a moderate correlation with both basal and 

maximal OCR (Figures S5E and S5F).

Larvae fed the fully attenuated CF18 gacA mutant had low levels of ROS, while larvae 

fed the partially attenuated CF18 ccmB and CF18 cysQ mutants had intermediate levels of 

ROS (Figure 6L), showing that the degree of developmental rate rescue for larvae fed these 

mutants correlates with larval ROS levels. We confirmed that the bacterial ROS levels of 

these mutants do not correlate with larval development rates (Figure S5G). These results, 

along with previous ROS level analyses, show that there is a correlation between larval ROS 

levels and developmental slowing (Figures 2F, 3I, and 6L).

Antioxidant or iron supplementation does not restore the lifespan of adult animals fed 
CF18

To compare mechanisms of larval developmental slowing and adult killing, we 

supplemented plates with doses of NAC or iron and tested the adult lifespan. The adult 

lifespan on CF18 was not extended by antioxidant or iron supplementation (Figure S6A). 

In addition, TMRE staining showed that CF18-fed adult animals have disrupted ΔΨm 

compared with gacA-fed animals. While iron supplementation showed no effect on TMRE 

staining, NAC supplementation slightly improved TMRE accumulation. However, even with 

NAC supplementation, TMRE staining did not reach the levels of gacA-fed animals (Figures 
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S6B and S6C). Moreover, CF18-fed adult animals have higher amounts of ROS than gacA-

fed animals (Figures S6D and S6E).

We also observed a small but statistically significant reduction in TMRE staining in CF18-

fed adults relative to PA14-fed animals. Moreover, the deletion of phenazine biosynthetic 

operons in CF18 and PA14 did not change TMRE staining, suggesting that mitochondrial 

dysfunction in adult animals was also phenazine independent (Figure S6F and S6G). These 

results indicated that adult animals also experienced increased ROS and mitochondrial 

dysfunction on CF18; however, iron and NAC supplementation did not restore the ΔΨm 

to gacA levels in adults and failed to extend the lifespan. Thus, high ROS levels and 

mitochondrial dysfunction affect adults and larvae differently, suggesting somewhat distinct 

CF18 pathogenicity mechanisms in adults versus larvae.

DISCUSSION

We describe an extreme developmental slowing of C. elegans larvae by P. aeruginosa CF18, 

caused by high levels of ROS and rapid loss of mitochondrial function. High levels of 

ROS can damage a variety of biomolecules, including proteins, nucleic acids, and lipids. 

In addition, high ROS can result in iron deficiency through the Fenton reaction. Because 

both antioxidants and iron offered protection against CF18 toxicity, it is likely that iron 

imbalance contributes to developmental slowing. Consistent with this idea, we find that a 

strong oxidizing agent or iron chelator confers similar phenotypes as CF18. Importantly, 

our observation that genes involved in biosynthesis of the iron siderophores pyoverdine and 

pyochelin were not upregulated in CF18 suggests that iron deficiency occurs predominantly 

in the larvae and not in the bacteria itself. We were unable to directly measure iron levels in 

either bacteria or in C. elegans;17 further studies utilizing inductively coupled plasma-mass 

spectrometry may provide insights into the interplay between oxidizing agents and iron in 

both CF18 and C. elegans.

Surprisingly, CF18-induced mitochondrial dysfunction in C. elegans larvae was not 

accompanied by activation of the protective UPRmt, indicating that mitochondrial 

dysfunction does not necessarily elicit a universal mitochondrial damage response. The 

ability of P. aeruginosa to suppress the UPRmt reporter hsp-6p::GFP in spite of the presence 

of a mitochondrial insult has been documented previously.71,72 Instead of activating UPRmt, 

mitophagy/autophagy pathways were activated in CF18-fed animals, possibly to remove 

damaged mitochondria and limit ROS production.

It is striking that the developmental delay exhibited by larvae fed CF18 is fully reversible, 

in that larvae growing on CF18 lawns for up to 3 days rapidly develop into adults when 

transferred to E. coli. The rescued adults exhibit no apparent loss in fecundity or longevity. 

Moreover, the similar developmental slowing caused by paraquat or BP treatment of 

larvae growing on E. coli food is also reversible. These findings lead us to interpret the 

developmental slowing as an active adaptive response by the animal to limited energy 

availability. Development is energetically costly, as are pathogen defense and cellular 

damage control programs. If mitochondrial dysfunction and elevated ROS levels result in 

limited energy production, then developmental delay until these conditions are alleviated 
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would favor survival. In a screen for hypothetical regulators of developmental slowing, 

we screened ~169,000 haploid genomes but did not recover any viable and reproductive 

mutants that could bypass developmental slowing on CF18 (Table S4), suggesting that 

developmental delay is not orchestrated by a single signaling pathway or transcription factor. 

It is also possible that bypass of developmental delay on CF18 could be larval lethal. Future 

screens for mutant animals that exhibit loss of fitness or developmental robustness after 

developmental delay could identify pathways underlying the remarkable ability of larvae 

to maintain full developmental potential and reproductive fitness during severe metabolic 

stress.

Previously, several E. coli mutants that slowed C. elegans larval development have been 

identified, and this delay could also be rescued by supplementation of antioxidants or iron.17 

However, several observations indicate that the mechanisms involved are distinct between 

the growth delay caused by these E. coli mutants and that caused by CF18. These differences 

include the following. (1) WT E. coli is not toxic to C. elegans and therefore does not 

produce the same toxins as CF18. CF18-induced developmental slowing is a pathogenic 

process, orchestrated by QS and gacA/S virulence regulators, while developmental delay 

induced by E. coli mutants is a result of dietary iron deficiency. (2) The developmental delay 

caused by the E. coli mutants is relatively mild, while the delay elicited by CF18 is extreme. 

(3) UPRmt was induced in larvae fed the E. coli mutants, whereas UPRmt is repressed 

and mitophagy is activated in CF18-fed larvae. (4) While the E. coli mutants that cause 

developmental delay have high levels of bacterial ROS, we did not find elevated bacterial 

ROS in CF18. Instead, our results showed that larvae fed CF18 had high levels of ROS. 

(5) For CF18-fed larvae, antioxidants alleviate developmental slowing more effectively 

than iron supplementation does, while iron performs better than antioxidants for E. coli 
fed-larvae. (6) For the E. coli mutants, the primary mechanism of larval developmental delay 

is low bacterial iron; high bacterial ROS is an indirect cause that results in low bacterial 

iron. For CF18-induced slowing, high larval ROS levels and iron imbalance contribute to 

developmental slowing, both jointly and independently. (7) Although we could not measure 

iron levels directly, our results suggest that iron supplementation is most likely to act via 

the larvae rather than via the bacteria. Siderophore biosynthesis genes are down-regulated in 

WT CF18 compared with the gacA mutant, suggesting that WT CF18 does not experience 

iron starvation on our assay plates. Additionally, iron-supplemented CF18 remains capable 

of killing adult animals, suggesting that iron supplementation does not cause attenuation 

of CF18 (Figure 7). These considerations highlight the partially overlapping and distinct 

features of the different mechanisms elicited by different bacterial species and strains that 

lead to changes in C. elegans developmental progression.

We investigated potential CF18 virulence factors responsible for larval developmental 

slowing, employing three methods: a candidate-based approach guided by published 

literature, bacterial transcriptome analysis, and an unbiased genetic screen using transposon 

mutagenesis. We created mutants of high-profile suspects based on RNA-seq and literature 

and ruled out any requirement for phenazines, HCN, or T6SS in developmental slowing. 

Among our transposon mutagenesis hits that attenuated slowing, we found many virulence 

regulators, the GacA/S system, and a few understudied transcription factors. In addition, we 

identified genes whose connection to CF18 virulence is not immediately apparent. We found 
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that core metabolic processes, such as amino acid metabolism and nucleotide metabolism, 

are required for full virulence. As exemplified by purine mutants, metabolite deficiency, not 

low bacterial growth rate, causes attenuation of these mutants. These results suggest that 

amino acids and/or purines may be used as building blocks for the synthesis of CF18 toxins.

We did not identify any accessory genome determinant for CF18 virulence whose exclusive 

presence in the CF18 genome can explain the dramatic difference in larval virulence 

between CF18 and other P. aeruginosa strains. It is possible that differences in gene 

expression, rather than gene content, may underlie the virulence differences between the 

strains. Future studies comparing the transcriptome of different P. aeruginosa strains can 

address these possibilities. Taken together, our results indicate that the CF18 strain possesses 

multifactorial and possibly redundant virulence mechanisms that attack a host’s energy 

resources and cause C. elegans larvae to enter a developmentally slowed survival mode.

Limitations of the study

We were not able to directly assess iron levels, and so our interpretation of the rescue 

of slow growth by iron are indirect. We found that the ftn-1p::GFP reporter strain and 

Calcein AM dye did not respond to the iron levels in our experimental setup. Some of the 

experiments were carried out only as two biological replicates, as indicated in the figure 

legends.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead author A.J.M. Walhout 

(marian.walhout@umassmed.edu).

Materials availability—All unique/stable reagents generated in this study are available 

from the lead contact without restriction.

Data and code availability

• RNA-seq data have been deposited at Gene Expression Omnibus (GEO): GSE 

and are publicly available as of the date of publication. Accession numbers: 

GSE213019 and GSE213057.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

C. elegans strains—C. elegans strains were maintained on nematode growth media and 

fed E. coli HB101.4 N2 (Bristol) and VT1367 mals105 [col19::GFP] strains were used for 

developmental assays. The initial natural P. aeruginosa screen was performed with eggs, and 

other experiments were performed with synchronized L1s.
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Bacterial strains—E. coli and P. aeruginosa strains were grown in Luria Bertani broth 

overnight at 37°C while shaking. CF18 transposon mutants were grown under the same 

conditions with the addition of 50 μg/mL gentamycin. E. coli BW25113 fepG mutant was 

grown with 50 μg/mL kanamycin.

METHOD DETAILS

Developmental phenotype assay (modified slow-killing culture conditions)—
Bacterial strains were grown in Luria Bertani broth overnight at 37°C while shaking. 60 mm 

slow-killing plates (0.35% peptone, 1% NaCl, 0.25%, 50mM NaCl, 25mM [PO4], 5ug/mL 

Cholesterol, 1mM CaCl2, 1mM MgSO4, 1.5% Agarose) were seeded with 6 μL overnight 

cultures, covering the entire surface of the plate. Plates were incubated 24 h at 37°C and then 

24 h at 25°C.

Bleached eggs were obtained by bleaching adult hermaphrodites, and synchronized L1s 

were obtained by incubating bleached eggs in M9 buffer overnight. Eggs or synchronized 

L1s were added to plates, and plates were maintained at 25°C for the duration of the assay. 

For each time point, the total number of animals in minimum of two plates and the total 

number of animals expressing col19::GFP were counted using a dissecting microscope. The 

percent of GFP positive animals were reported as percent adults in the graphs.

Adult lifespan assay—Eggs were obtained by bleaching hermaphrodite adult worms. 

Eggs were incubated in M9 buffer overnight to obtain synchronized L1 larvae. Synchronized 

L1 larvae were placed on nematode growth medium (NGM) plates seeded with HB101. 

After 48 h of incubation at 25°C, the young adult animals were collected and washed with 

M9 buffer 5 times. Slow-killing plates were prepared in the same manner as developmental 

assays. Young adult animals were seeded on SK plates with the indicated bacteria. At each 

time point, live and dead animals were counted. Animals were classified as dead when they 

no longer move and did not respond to 3 times gentle touch with a wire worm pick. For 

each time point, the percentage of animals alive in the plate was calculated and plotted. 

Experiments were carried out at 25°C.

Gut colonization assay—Ten to 20 animals fed bacteria were picked and anesthetized 

with 2% Triton X-100 and 60 mM sodium azide in M9. Then, animals were surface 

sterilized with 1/100 of bleaching solution for 5 min and washed 3 times with M9. Animals 

were re-counted and lysed using 0.5 mm glass beads. Lysates were serially diluted and 

plated on Luria-Bertani plates to calculate colony forming units (CFU) per animal. The last 

washing supernatant was plated as background control.

Transposon insertion library—The CF18 transposon insertion library was created as 

described by Kulasekara,66 with some modifications. Briefly, CF18 was plated on LB 

plates and grown at 42°C overnight. The plasmid pBTK30 carrying hyperactive Himar1 C9 

transposase was transferred to CF18 with bacterial conjugation using the E. coli SM10λpir 

strain at 1:8 bacterial ratio. After 1-h bacterial conjugation on LB plates, the bacteria were 

re-suspended and plated on LB + antibiotic plates. Gentamycin 50 mg/mL was used to select 

successful CF18 insertions and triclosan 25 μg/mL for counter selection of E. coli. The 
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next day, the single colonies were picked in a 96 well-plate containing LB with 50 μg/mL 

gentamycin and grown overnight. Glycerol was added to the plates at a final concentration 

of 25% and the libraries were stored in the −80°C freezer until further use.

CF18 transposon insertion library screen—Bacteria were grown at 37°C overnight 

in LB medium containing 50 μg/mL gentamycin. The 96-well plates containing SK media 

were seeded with 10 μL of overnight cultures and dried in the hood aseptically. Plates were 

incubated 1 day at 37°C then 1 day at 25°C. Gravid adults carrying col-19::GFP transgene 

were bleached to obtain eggs, and approximately 40 eggs were placed in each well of 

96-well SK agar seeded with CF18 mutants. The experiment was performed in triplicate. 

Plates were incubated at 25°C and were scored under the fluorescence microscope for GFP 

positive animals on day 3 and day 5. The mutant bacteria that allowed larvae to reach 

adulthood on day 3 or 5 were subjected to a secondary testing with 60 mm SK plates for 

validation. Bacterial mutants with a confirmed attenuation profile in the secondary testing 

were genotyped to identify transposon insertion sites.

Genotyping CF18 mutants—Then, we identified the location of the transposon insertion 

by arbitrary PCR and sanger sequencing (Figure 2A). A two-step arbitrary PCR was 

performed on individual colonies as described by Kulasekara66 using the primers in Table 

S6. PCR products were sequenced with Sanger sequencing, then sequences were blasted 

against the CF18 genome to determine the site and direction of the transposon insertion. For 

2 intragenic insertions, we annotated each mutant with the gene name in which transposon 

was inserted; for the intergenic insertions, we used the first downstream gene name that was 

most likely affected by transposon insertion.

CF18 deletion mutants—Markerless deletion strains in CF18 background were created 

using the CRISPR-Cas9 based method by74 with minor modifications. In brief, first, 

the plasmid-carrying Cas9 and lambda Red components was transformed into CF18 by 

electroporation. The guide targeting the gene to be deleted and the 1000 bp HR template 

were cloned into the pCRISPRPA plasmid. Cas9 expression was induced with 2 mg/mL L-

arabinose overnight, then the second plasmid was transformed into CF18 by electroporation. 

Successful transformants were selected on LB plates with 50 μg/mL gentamycin and 100 

μg/mL tetracycline. Colonies were screened for deletion by PCR and sanger sequencing. 

Plasmids were cured by negative selection on 5% sucrose media.

Bacterial growth rate—Overnight cultures of bacteria were serially diluted in LB in 

triplicate and grown for 30 h in 96 well-plates at 30°C on a Tecan Saphire plate reader. The 

OD600 nm measurements were recorded every 15 min. The log(10)OD values were plotted 

against time, and the growth rates(μ) were calculated using the exponential phase of the 

growth with the following formula: OD2 = OD1e μ t, where OD1 is the OD600 measurement 

at the beginning of the exponential growth phase, OD2 is the OD600 value at the end of the 

exponential growth phase, and t is the duration of the exponential growth phase. The growth 

rates were normalized to the growth rate of WT CF18.

ROS detection with carboxy-H2DCFDA—Bacterial ROS measurements were 

performed using the fluorescent dye carboxy-H2DCFDA (Thermo Fisher Scientific) as 
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described by Zhang et al. 2019. The same dye was also used for ROS measurement in 

larvae. Briefly, the larvae were fed indicated bacteria for 24 h, then collected and washed 

with M9 five times. A stock solution of 10 mM carboxy-H2DCFDA was prepared in 

DMSO. The dye was added to the final concentration of 100 μM and incubated in the dark 

for 1 h at 25°C. After 5 times washing with M9, fluorescence in the larvae was detected 

using a Zeiss microscope with Axiovert camera. The same exposure time was used for all 

the experimental and control groups.

ROS detection with mitosox red—Larvae were incubated on slow-killing plates seeded 

with indicated bacteria for 24 h at 25°C, then collected and washed with M9 buffer. Mitosox 

Red dye solution was added to the final concentration of 10 μM. After 1 h incubation, the 

larvae were washed 5 times with M9 buffer. The experiments were conducted a minimum 

of two independent times with three replicates. Technical replicates were pooled before 

the microscopy. The first biological experiments were imaged using high magnification 

(63×) confocal microscopy. The second biological replicates were imaged with a lower 

magnification (20×) for quantification of fluorescence in whole animals. Images were 

obtained with a Leica SPE II microscope using the same gain settings for the experimental 

sets. The same brightness adjustments settings were applied to the whole images within the 

experimental sets with Leica LAS X software. For adult animals, anterior intestines were 

imaged as the mid-intestine was not observable due to the presence of embryos. We avoided 

using sterile strains lacking germline or L4 animals because it was previously reported that 

both the sterile animals and L4 stage animals are more resistant to P. aeruginosa than fertile 

and adult stage animals.75

TMRE assay—Slow killing plates were seeded with bacteria and incubated 24 h at 37°C. 

TMRE was added to the plates at the final concentration of 5 mM and plates were switched 

to 25°C. After 24 h of incubation at 25°C, synchronized L1 larvae were added to these 

plates. Plates were maintained at 25°C during the assay period. After 24 h of incubation, 

the larvae were collected by washing the plates with M9 buffer. Before microscopy, larvae 

were washed 5 times with M9 buffer to remove excess dye and bacteria. The experiments 

were conducted a minimum of two independent times with three technical replicates. 

Technical replicates were pooled before the microscopy. The first biological experiments 

were imaged using high magnification (63×) confocal microscopy. The second biological 

replicates were imaged with a lower magnification (20×) for quantification of fluorescence 

in whole animals. Images were taken on a confocal Leica SPE II microscope. Identical 

gain settings were used for the experimental sets. Image brightness levels were adjusted 

with Leica LAS X software and exact adjustments were applied to whole pictures within 

experimental sets. For adult animals, anterior intestines were imaged for the analysis.

Oxygen consumption rates—Oxygen consumption rates were measured using a 

Seahorse XFe96 Analyzer at room temperature as described previously with minor 

modifications.69 In brief, synchronized L1 larvae were fed indicated bacteria for 1 to 4 h, 

then collected and washed 5 times with M9 buffer to remove excess bacteria. The number of 

animals in 1 μL of suspension was counted and adjusted. About 800 larvae were transferred 

per well of a 96-well microplate containing 180 μL M9 buffer. An equal volume of the 
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last M9 wash was also tested to monitor potential bacterial carry-over. Basal respiration 

was measured a total of 7 times that included a 2 min mix, a 5 min time delay, and a 

2 min measurement. To measure maximum respiratory capacity, 15 μM carbonyl cyanide-4-

(trifluoromethoxy) phenylhydrazone (FCCP) was injected and the oxygen consumption 

rate readings were repeated as basal respiration. Mitochondrial respiration was blocked 

by injecting 50 mM Sodium azide and measurements were repeated 7 times to estimate 

non-mitochondrial oxygen consumption. Five measurements before FCCP injection were 

used for baseline oxygen consumption; the maximum of 3 consecutive measurements were 

used for calculating maximum respiratory capacity; and the last two measurements were 

used for determining non-mitochondrial oxygen consumption. Non-mitochondrial oxygen 

consumption rates were deducted from the baseline and maximal oxygen consumption rates 

to calculate basal and maximal respiration. Each experiment was conducted with 6 replicates 

per condition and was repeated twice.

Quantification of microscopic images—Fluorescence measurements and size 

measurements of larvae were performed with Zen software and Fiji software from raw 

images. Data were normalized to mean fluorescence intensity of gacA-fed larvae for 

Mitosox Red and TMRE measurements. Prism 8 (Graphpad) was used to determine DT50 

values.

RNA-sequencing—Larvae fed CF18 and CF18 gacA mutant were collected after 4 and 6 

h and washed three times with M9 buffer. Samples were frozen in liquid nitrogen, and the 

total RNA was isolated with the TRIZOL method.

Ribosomal RNA was depleted with an antisense DNA oligo and RNAse-H based method 

as described in a previous study.76 The libraries were prepared with the NebNext Ultra II 

non directional kit (NEB, Cat: E7775, E7335, E7500), according to the manufacturer’s 

instructions. The libraries were pooled and sequenced with the Illumina NextSeq 500 

system.

RNA-sequencing data analysis—Cutadapt/1.4.1 was used to trim adaptor sequences 

and filter out the reads shorter than 15 nt.77 The reads were mapped to the C. elegans 
genome (Wbcel235) by Star/2.5.3 aligner.78 Samtools/1.9 was used for sorting data, and 

gene counts were obtained with Featurecounts.79,80 Differential gene expression analysis 

was performed with DEBrowser.81 For C. elegans data, data was normalized by median ratio 

normalization (MRN) and batch effects were corrected with the ComBat method, which are 

built in the DEBrowser. We used a fold change of 2 and p adjusted value of smaller than 

0.01 as cutoffs for determining differentially expressed genes.

The Gene Ontology Term Analysis was performed using WormCat and DAVID.34,35

RNAi treatment—RNAi by feeding experiments were performed as described by Kamath 

et al. 2001.82 Briefly, the RNAi screen was performed by seeding individual RNAi clones 

onto 60 mm NGM plates containing 1 mM Isopropyl β-D-thiogalactopyranoside (IPTG) and 

50 mg/mL ampicillin. Dried plates were kept at 20°C overnight to induce the expression of 
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dsRNAs. Synchronized L1 N2 animals were raised on the RNAi plates at 25°C for 24 h. 

Then, animals were collected, and the ROS levels were assessed with Mitosox Red stain.

Calcium and magnesium measurements—Calcium measurements were performed 

with C. elegans (zcIs17). Larvae were incubated on slow-killing plates seeded with the 

indicated bacteria for 24 h at 25°C, then collected and washed with M9 buffer. Rhodamine 

2 a.m. or Magnesium Green AM dyes were added to the final concentration of 5 μM. After 

1 h incubation, the larvae were washed 5 times with M9 buffer. Images were taken with 

a Leica SPE II microscope. The same brightness adjustments settings were applied to the 

whole images within the experimental sets with Leica LAS X software. Quantification of 

fluorescence intensities was performed with Zen Blue and Fiji, using raw images; intestinal 

tracts were omitted.

EMS and ENU mutagenesis—Synchronized L4 hermaphrodite animals carrying the 

col-19::GFP transgene were washed three times with M9 buffer to remove bacteria. Then, 

the EMS and ENU solution (final concentration of 50mM and 1mM respectively) was 

added. The animals were incubated for 4 h while shaking at 20°C. The mutagenized animals 

were washed five times with M9 and were placed onto NGM plates seeded with HB101. 

They were then incubated until the F1 progeny reached adulthood. The F1 animals were 

bleached to obtain synchronized L1 stage F2 eggs. The F2 progeny was scored on CF18-

seeded plates for col-19::GFP expression at 48 and 72-h time points. The mutagenesis screen 

was repeated two times.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using one-way ANOVA, followed multiple comparison 

tests with the Bonferroni adjustment, using GraphPad Prism versions 9 and 10. The 

equality of standard deviations between the samples was assessed using the Bartlett test. In 

cases of unequal standard deviations, statistical comparisons were conducted using Welch-

style ANOVA followed by Dunnett’s T3 adjustment for multiple comparisons. For single 

comparisons, we conducted a two-tailed Student’s t-test. Data are represented as the mean ± 

SD of independent experiments, as indicated in the figure legends. Adjusted p values (padj) < 

0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• P. aeruginosa CF18 causes extreme but reversible growth delay in C. elegans 
larvae

• Mitochondrial dysfunction because of high ROS and iron imbalance causes 

slow growth

• While UPRmt is inhibited, mitophagy is required for survival

• QS and GacA/S-regulated non-phenazine toxins cause developmental slowing
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Figure 1. CF18 causes the most severe developmental slowing of C. elegans larvae among 36 
natural P. aeruginosa strains
(A) Time of development to adulthood of C. elegans fed 36 P aeruginosa strains, PA14 gacA 
mutant, and Escherichia coli HB101. Normal, moderately slow, and slow colored as gray, 

orange, and red, respectively. Experiments were set up with bleached eggs. Two biological 

replicates were combined for the graph. See also Table S1).

(B) Representative bright-field images of C. elegans larvae fed HB101, PA14, or CF18 at 48 

h.

(C)Larval development and adult survival profiles. Larval developmental times refer to the 

time (hours) when 50% of the larvae reached the adult stage (A). CF18-, WC55-, and 
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AZPAE15026-fed larvae did not reach the adult stage, so values are plotted as greater than 

72 h. Adult survival data are from separate adult killing assays.

(D) The gonad length to worm length ratio of CF18-fed larvae increases over time, reflecting 

developmental progression (albeit slow). Data are shown as means of three biological 

replicates ± standard deviation (SD). **the p value adjusted for multiple comparisons (padj)< 

0.01, *padj < 0.05 (one-way ANOVA with Bonferroni correction). See also Figure S1B.

(E) The percentage of animals that completed the first division of the M cell lineage 

(visualized using Phlh-8::GFP) at 6 h. Data are represented as means of two biological 

replicates ± SD. *p < 0.05 (t test).

(F) CF18-fed larvae can resume development after being transferred to non-pathogenic 

bacteria. Synchronized L1 animals were exposed to CF18 for 3 days and then transferred to 

HB101. Images were captured after 48 h on HB101.

(G) Developmental slowing by CF18 requires bacterial secreted compounds and active 

bacterial metabolism. For all conditions, bacterial lawns were grown for 48 h and then 

UV irradiated (0.15 J), transferred to a fresh plate, or left untreated. Then the plates were 

inoculated with L1s, and the time to reach adulthood was monitored.

(H) The intestine was not colonized by bacteria in larvae fed CF18. Data are represented as 

means of two replicates ± SD. *padj < 0.05 (one-way ANOVA with Bonferroni correction).

(I) CF18 gacA-fed larvae exhibited a normal developmental rate. Shown are microscopy 

images of larvae fed WT CF18 or CF18 gacA at 48 h.

(J) Developmental graphs of WT CF18- and CF18 gacA-fed larvae.

Representative developmental graphs (G and J) and images (B, F, and I) are from a 

minimum of three biological replicates. Scale bars, 100 μm.
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Figure 2. Larvae fed CF18 exhibit mitochondrial dysfunction and high ROS levels, yet UPRmt is 
not activated
(A) Gene Ontology (GO) enrichment analysis of genes upregulated in 4-h CF18-fed larvae 

in comparison with 4-h gacA-fed larvae. Three biological replicates. Benjamini, padj values: 

***p < 0.001, **p < 0.01. Genes were considered upregulated when padj < 0.01 and log2 

fold change ≥ 1.

(B) Mitophagy mutants survive for a shorter time on CF18 than WT animals. For each 

strain, 180–279 animals were analyzed. Two replicates.
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(C) Animals were transferred to non-pathogenic E. coli HB101 after 48 h of CF18 exposure. 

Recovery is impaired in mitophagy mutants. Mean and SD of the 4 replicates are shown for 

each strain. The total of animals is 336, 538, 611, and 570 for the N2, pink-1, dct-1, and 

pdr-1 strains, respectively.

(D) CF18- or PA14-fed larvae exhibited a decreased basal OCR at 4 h. Data are shown as 

means of 6 biological experiments ± SD.

(E) Maximum OCR rates of CF18-, PA14-, or CF18-fed larvae at 4 h. Data are shown as 

means of 6 biological experiments ± SD.

(F) TMRE staining shows that the ΔΨm was disrupted in CF18-fed larvae. Representative 

midgut confocal images of three biological replicates are shown. Scale bars, 25 μm.

(G) The mitochondrial network of body wall muscle in CF18-fed larvae was fragmented. 

Transgenic animals carrying the mitochondrial marker Pmyo-3::tomm-20::mKate2 were 

exposed to CF18 and gacA for 24 h. Representative confocal images of two biological 

replicates are shown. Scale bars, 25 μm.

(H) Quantification of MitoSOX Red staining showed that larvae fed CF18 have high levels 

of ROS. PA14 had intermediate levels of ROS. Error bars indicate ±SD. For each condition, 

22–35 animals were quantified. ****padj < 0.0001 (Welch’s ANOVA with Dunnett’s T3 

correction).

(I) UPRmt was not induced in larvae exposed to CF18 for 4 h. Shown are transcript per 

million (TPM) values of the UPRmt-related chaperones hsp-6, hsp-60, transcription factor 

ATFS-1, UPRmt repressor zip-3 and mitochondrial superoxide dismutase sod-3. Mean ± SD 

of three biological replicates.

(J) CF18-fed larvae did not induce Phsp-6::GFP expression after 28 h of feeding. HB101 

with 0.5 mM paraquat was used as the positive control. Representative images of three 

biological replicates are shown.

(K) sod-3 was not induced in CF18-fed animals. Microscopy images of transgenic animals 

carrying Psod-3::GFP were taken after 28 h of exposure. Representative images of three 

biological replicates are shown.

(L) Microscopy images showing developmental phenotypes of atfs-1(et15) and 

zip-3(gk3164) animals, which have constitutively active UPRmt, and WT larvae on CF18 

after 48 h of feeding.

In (C)–(E) and (I), data are represented as the mean ± SD. ****padj < 0.0001, ***padj < 

0.001, **padj < 0.01, *padj < 0.05; ns, not significant; one-way ANOVA with Bonferroni 

correction. Scale bars, 25 μm in (F) and (G) and 100 μm in (J)–(L).
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Figure 3. Supplementation of either antioxidant or iron rescue developmental and mitochondrial 
phenotypes
(A) Antioxidant N-acetyl-cysteine (NAC) supplementation rescued the developmental 

slowing of CF18-fed larvae in a dose-dependent manner. Synchronized L1 animals carrying 

the transgene col-19::GFP were seeded on slow-killing (SK) plates containing 2.5 or 5 mM 

NAC, and the control plates were prepared in the same manner without NAC.

(B) The antioxidant resveratrol alleviated developmental slowing of CF18-fed larvae. SK 

plates were supplemented with 10, 50, and 100 μg/mL resveratrol, and the assay was 

performed as described above.
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(C) NAC supplementation did not affect the developmental rates of larvae fed CF18 gacA 
mutant.

(D) Resveratrol supplementation did not affect the developmental rates of larvae fed CF18 

gacA mutant.

(E) NAC supplementation rescues the ΔΨm of CF18-fed larvae in a dose-dependent manner. 

Synchronized L1 larvae (N2) were exposed to CF18 with 0–5 mM NAC for 24 h. Error bars 

indicate ±SD. For each condition, 27–35 animals were quantified.

(F) Ferric chloride (FeCl3) supplementation partially alleviated the developmental slowing 

of CF18-fed larvae.

(G) FeCl3 supplementation did not affect the developmental rates of larvae fed CF18 gacA 
mutant.

(H) Bacterial ROS levels did not correlate with larval developmental rates. The mean and 

SD of two biological replicates are shown.

(I) NAC and iron supplementation reduced ROS levels of larvae fed CF18. Error bars 

indicate ±SD.

For each condition, 26–42 animals were quantified. Normal, moderately slow, and slow 

colored as gray, orange, and red, respectively. Representative developmental graphs of 

minimum two biological replicates are shown (B, C, F, and G). ****padj < 0.0001, ***padj < 

0.001, **padj < 0.01, *padj < 0.05, ns, not significant by Welch’s ANOVA with Dunnett’s T3 

correction in (E), (I), and (J) and by one-way ANOVA with Bonferroni correction in (H).
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Figure 4. Induction of ROS by paraquat and chelation of iron by bipyridine (BP) phenocopied 
developmental and mitochondrial phenotypes of CF18
(A) Paraquat slowed larval development in a dose-dependent manner. Paraquat was added to 

SK plates, and then plates were seeded with the non-pathogenic E. coli HB101 strain. After 

2 days of bacterial growth, synchronized L1 larvae were added to the plates. Imaging was 

performed after 2 days of incubation.

(B) BP slowed down larval development in a dose-dependent manner. BP-supplemented 

plates were seeded with the non-pathogenic gacA strain. After 2 days of bacterial growth, L1 

larvae were added to the plates. Imaging was performed after 2 days of feeding.

(C) BP or paraquat supplementation of non-pathogenic gacA and HB101 cultures caused 

ROS in larvae. Error bars indicate ±SD. For each condition, 28–42 animals were quantified. 

****padj < 0.0001 (Welch’s ANOVA with Dunnett’s T3 correction).

|(D) TMRE staining demonstrated that BP and paraquat disrupted ΔΨm. Error bars indicate 

±SD. 20–35 animals were quantified per condition. ****padj < 0.0001 (Welch’s ANOVA 

with Dunnett’s T3 correction).
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(E) Developmental slowing induced by paraquat was reversible upon transferring the 

larvae to a plate without chemicals. Larvae were exposed to the paraquat for 24 h and 

then transferred to HB101-seeded plates without paraquat. Before microscopy, larvae were 

allowed to grow for 2 days.

(F) Developmental slowing induced by BP was reversible upon transferring the larvae to a 

plate without BP. Larvae were exposed to BP for 24 h and then transferred to gacA seeded 

plates without chemicals. Before microscopy, larvae were allowed to grow for 2 days.

(G) 25 mM paraquat. Images were taken after 72 h of incubation.

(H) NAC supplementation shows partial rescue of developmental delay induced by 75 μM 

BP. Images were taken after 48 h of incubation. Scale bars, 100 μm (A, B, and E–H). Shown 

are representative images of two biological replicates.
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Figure 5. The genetic deletion of phenazine, H1-T6SS, H3-T6SS, or HCN operons did not 
alleviate developmental slowing
(A) Genetic deletion of two phenazine operons in CF18 did not alleviate development 

slowing. Antioxidant NAC (5 mM) and FeCl3 (2mM) supplementation rescued 

developmental slowing of CF18 Δ phz1–2-fed larvae in a manner comparable with WT 

CF18-fed larvae. Images were taken after 72 h of feeding. Scale bars, 100 μm. Shown are 

representative images from two biological replicates.

(B) The deletion of phenazine operons did not improve the TMRE staining of larvae. For 

each condition, 21–28 animals were quantified.
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(C) Quantification of MitoSOX Red fluorescence intensity of larvae fed CF18 and PA14 

phenazine mutants showed that phenazine mutant-fed larvae have higher ROS levels than 

CF18 gacA-fed larvae. For each condition, 27–50 animals were quantified.

(D) Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis of 

upregulated genes of WT CF18 (red) and downregulated genes of WT CF18 (gray) (DAVID, 

Benjamini correction, p < 0.05).

(E) TPM counts of H1-T6SS genes in WT CF18 and CF18 gacA mutant.

(F) TPM counts of H3-T6SS genes in WT CF18 and CF18 gacA mutant.

(G) TPM counts of HCN biosynthesis genes in WT CF18 and CF18 gacA mutant.

(H) Developmental phenotypes of larvae fed WT CF18, CF18 Δ H1-T6SS, CF18 Δ H3-

T6SS, CF18 Δ hcnA-B-C, and CF18 gacA mutant at 48 h. Scale bars, 100 μm. Shown are 

representative images from two biological replicates.

(I) Basal and maximal OCR of animals after 4 h of feeding with the indicated bacteria. 

Twelve biological replicates. Data are shown as means ± SD. ****padj < 0.0001, ***padj < 

0.001, **padj < 0.01, *padj < 0.05; ns, not significant by one-way ANOVA with Bonferroni 

correction (E‒G and I) and Welch’s ANOVA with Dunnett’s T3 correction (B and C). In 

(D)‒(G), two and three biological replicates of WT CF18 and CF18 gacA, respectively.
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Figure 6. Transposon mutagenesis screen to identify CF18 genes that are required for 
developmental slowing
(A) Schematic of construction and screening of CF18 transposon insertion library of 

~10,000 mutants.

(B) The functional annotation of 42 transposon mutagenesis hits. The number of hits in each 

category is shown.

(C) Adenine supplementation (1 mM) restored the pathogenicity of purH.

(D) Adenine supplementation (1 mM) restored the pathogenicity of purL.

(E) Adenine supplementation (1 mM) restored the pathogenicity of purM.
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(F) Nucleotide supplementations have no effect on the CF18 gacA mutant.

(G) Increasing bacterial lawn density did not reverse the pathogenicity of CF18 purine 

mutants. Purine mutants were grown in 2.5 mL of (Luria-Bertani) LB medium and washed 

and concentrated prior to 48-h incubation to obtain a thick bacterial lawn.

(H) The degree to which slow growth was attenuated for CF18 mutants. Red indicates a 

minimal (but evident) bacterial attenuation where larvae reach the L3/L4 stage.

(I) Distribution of hits in P. aeruginosa genes of the core and accessory genome.

(J) Overlap between CF18 transposon mutagenesis screen with L1s and the screen by 

Feinbaum et al.68 with PA14 using L4 animals. Homolog genes and the genes in the same 

operon/pathway are included in the overlap.

(K) Basal OCR values of larvae fed select hits after 4 h of exposure. Data were normalized 

to the mean OCR value of CF18 gacA-fed larvae. The mean and SD of 12 biological 

replicates are shown.

(L) Relative ROS levels of larvae fed various hits align with developmental rate. This 

experiment shared the same controls as in Figure 5C. Error bars indicate ±SD. For each 

condition, 27–50 animals were quantified.

In (H), (K), and (L), color indicates developmental rate: gray, normal; orange, moderately 

slow; red, slow development. In (C)–(G), (K), and (L), ****padj < 0.0001, ***padj < 

0.001, **padj < 0.01, *padj < 0.05; ns: not significant by one-way ANOVA with Bonferroni 

correction. The mean and SD of two biological replicates are shown in (C)–(G).
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Figure 7. Model of CF18-induced developmental slowing
CF18 produces toxin(s) that are under the control of the Las, Rhl, and Pqs QS systems and 

GacA/S two-component system. The developmental slowing phenotype is not dependent on 

the known mitochondrial toxins phenazines and HCN nor on the highly upregulated H1 and 

H3 T6SS. These still unknown growth-slowing toxin(s) create mitochondrial dysfunction, 

iron imbalance, and high ROS levels in the larvae. Although the UPRmt is repressed, 

mitophagy and immune response genes are upregulated. Developmental slowing, high ROS 

levels, and ΔΨm can be rescued by the addition of antioxidants or iron or removal of larvae 

from the CF18 lawns. This model for slowing of C. elegans development by P. aeruginosa 
CF18 is contrasted with the developmental slowing phenomenon reported for E. coli mutants 

with low bioavailable iron.17
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