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Abstract: 23 

Phosphorus (P) is a key nutrient limiting bacterial growth and primary production in the oceans. 24 

Unsurprisingly, marine microbes have evolved sophisticated strategies to adapt to P limitation, one of 25 

which involves the remodelling of membrane lipids by replacing phospholipids with non-P containing 26 

surrogate lipids. This strategy is adopted by both cosmopolitan marine phytoplankton and 27 

heterotrophic bacteria and serves to reduce the cellular P quota. However, little if anything is known 28 

of the biological consequences of lipid remodelling. Here, using the marine bacterium Phaeobacter 29 

sp. MED193 and the ciliate Uronema marinum as a model, we sought to assess the effect of 30 

remodelling on bacteria-protist interactions. We discovered an important trade-off between either 31 

escape from ingestion or resistance to digestion. Thus, Phaeobacter grown under P-replete conditions 32 

was readily ingested by Uronema but not easily digested, supporting only limited predator growth. In 33 

contrast, following membrane lipid remodelling in response to P-depletion, Phaeobacter was less 34 

likely to be captured by Uronema thanks to the reduced expression of mannosylated glycoconjugates. 35 

However, once ingested, membrane remodelled cells were unable to prevent phagosome 36 

acidification, became more susceptible to digestion and, as such, allowed rapid growth of the ciliate 37 

predator. This trade-off between adapting to a P-limited environment and susceptibility to protist 38 

grazing suggests the more efficient removal of low P prey that potentially has important implications 39 

for the functioning of the marine microbial food web in terms of trophic energy transfer and nutrient 40 

export efficiency.   41 
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Significance statement  42 

Microbial growth is often limited by key nutrients like phosphorus (P) across the global ocean. A major 43 

response to P limitation is the replacement of membrane phospholipids with non-P lipids to reduce 44 

their cellular P quota. However, the biological ‘costs’ of lipid remodelling are largely unknown. Here, 45 

we uncover a predator-prey interaction trade-off whereby a lipid remodelled bacterial prey cell 46 

becomes more susceptible to digestion by a protozoan predator facilitating its rapid growth. Thus, we 47 

highlight a complex interplay between adaptation to the abiotic environment and consequences for 48 

biotic interactions (grazing), which may have important implications for the stability and structuring 49 

of microbial communities and the performance of the marine food web.   50 
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Introduction 51 

Bacteria play fundamental roles in the functioning of the ocean ecosystem being at the base of marine 52 

food webs and via mediating key biogeochemical cycles (1-3). One of the key nutrients that constrains 53 

microbial growth in the oceans is phosphorus (P) (4), with e.g. the North Atlantic Ocean and the 54 

Mediterranean Sea being well known P-limited environments (5-8). P is an essential element for all 55 

cells, forming the backbone of nucleic acids, ATP and membrane phospholipids. P limitation can also 56 

affect the complex interplay between heterotrophic bacteria and phytoplankton, thus influencing 57 

trophic interactions and the cycling of organic matter (9, 10). Global change is expected to exacerbate 58 

P limitation in the surface ocean due to water column stratification accelerated by global warming 59 

(11). As such, it is not surprising that marine microbes have evolved sophisticated mechanisms to cope 60 

with P limitation with one such strategy being the substitution of membrane phospholipids by non-P 61 

containing surrogate lipids. Indeed, during P deficiency, both photosynthetic cyanobacteria and algae 62 

(12) as well as heterotrophic bacteria of the SAR11 and roseobacter clades are capable of reducing 63 

their consumption of P by substituting membrane phospholipids with non-P containing versions (13-64 

15). In heterotrophic bacteria, this so-called lipid remodelling pathway is mediated by the plcP 65 

encoded phospholipase C enzyme (16, 17). Previous metagenomics analysis estimates that up to one 66 

quarter of bacteria in surface ocean assemblages possess the plcP gene (14, 18). Indeed, its abundance 67 

appears to be a reliable biomarker for phosphate availability in marine surface waters (6). We and 68 

others have also shown that PlcP-mediated lipid remodelling occurs naturally in surface seawater 69 

microbial assemblages (see (14, 18). Thus, non-P lipids, primarily glycolipids and betaine lipids, have 70 

been shown to account for >70% of the polar lipids in summer when P is severely limited but only ~ 71 

30% in the autumn when P-limitation is alleviated (14). 72 

 It has become increasingly evident that the ability to perform lipid remodelling offers a 73 

competitive advantage to bacteria saving up to 50-86% of cellular P demand (13, 14), although 74 

genome streamlining may also play a role in this respect (19, 20). However, it remains unknown 75 

whether such a drastic change in membrane composition has unforeseen consequences for other 76 



 5 

aspects of bacterial physiology, particularly how these organisms interact with their biotic 77 

environment. In general terms the abundance of marine microbes is governed by the interplay 78 

between abiotic (light, nutrients including P) and biotic (viral lysis and protist grazing) factors (21), 79 

which dictates the overall balance between bacterial growth and mortality, and ultimately their 80 

population size in the global ocean. Whilst much is known of the consequences of biotic controls on 81 

the mortality of marine microbes (22, 23), with estimates suggesting that almost all the daily bacterial 82 

production can be removed by viral lysis and protozoan grazing (21, 24), much less is known about 83 

how these biological controls are affected by the abiotic environment. This is especially the case when 84 

considering the interplay between cosmopolitan marine bacteria and protist predators and, 85 

particularly, how adaptation to the abiotic nutrient environment affects predator-prey interactions 86 

(25, 26). Protists are one of the most diverse and abundant groups of marine microbes (27-29), 87 

amongst which the ciliates are an important taxon with a global distribution (30) capable of exerting 88 

considerable selective pressure on bacterioplankton dynamics through grazing. Indeed, ciliates can 89 

directly influence the structure and abundance of dominant marine heterotrophic bacteria such as 90 

the marine roseobacter clade that are key players in key biogeochemical cycles via their formation of 91 

climate-active trace gases such as dimethylsulfide and methylamines (31, 32).  92 

Here, we specifically set out to investigate the interplay between abiotic and biotic factors in 93 

controlling interactions between marine microbes. Using a marine ciliate, Uronema marinum, and a 94 

marine roseobacter clade bacterium (Phaeobacter sp. MED193) as a model, we examine how the 95 

dynamics of prey-predator interactions are influenced by P availability. We reveal an important trade-96 

off for a lipid remodelled prey which is more susceptible to digestion by a ciliate predator compared 97 

to its unmodelled counterpart despite the latter being more readily ingested by the predator.   98 
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Results 99 

Establishing a model system to investigate the impact of predator-prey interactions under 100 

phosphorus limitation  101 

We first examined the active prevalence of PlcP mediated lipid remodelling across the global ocean 102 

using Tara Oceans metatranscriptome datasets. In agreement with previous analyses of 103 

metagenomics datasets, which showed the high abundance of the plcP gene in the North Atlantic 104 

Ocean, Red Sea and Mediterranean Sea (Fig. 1A) (6, 13, 14), on average ~20% of surface marine 105 

bacteria have plcP. In the Mediterranean Sea, transcription of plcP was >10-fold higher (Fig. 1B) than 106 

other ocean regions that are not typically P-limited such as the Southern Ocean (4), highlighting the 107 

importance of lipid remodelling as a key process enabling the proliferation of marine microbes 108 

inhabiting P-deplete oceanic waters. Given the high expression of plcP in the Mediterranean Sea, Red 109 

Sea and North Atlantic Ocean, we used a model marine roseobacter clade bacterium, Phaeobacter sp. 110 

MED193, originally isolated from these Mediterranean waters (33) as prey, and which is already 111 

known to undergo lipid remodelling during P-deplete growth (12). Similarly, as a model predator, we 112 

used the marine ciliate Uronema marinum (hereafter Uronema) which has been readily isolated from 113 

the Mediterranean Sea (34, 35) but is globally distributed (Fig. 1C) being widely reported in numerous 114 

studies (Supp. Table 1). 115 

 116 

Lipid remodelled Phaeobacter sp. MED193 prey is less readily ingested by the ciliate predator  117 

Because the bacterial cell membrane is one of the first points of contact during predation by 118 

phagotrophic cells, we first examined predator-prey interactions during short-term feeding 119 

experiments (Fig. 2). Confocal microscopy showed that when Uronema fed on wild-type (WT) 120 

Phaeobacter prey labelled with GFP to aid visualisation within the ciliate and cultivated in P-replete 121 

artificial seawater (ASW), a higher number of prey was observed inside the predator than the same 122 

prey cultured under P-deplete conditions (Fig. 2A). This suggested that lipid remodelled prey were 123 

less likely to be captured by the predator and that substitution of membrane phospholipids by non-P 124 
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containing lipids (i.e. diacylglyceryltrimethylhomoserine - DGTS in Phaeobacter sp. MED193) 125 

facilitated prey escape from predation. Given that a Phaeobacter sp. MED193 DplcP mutant is unable 126 

to perform lipid remodelling and hence cannot produce the surrogate lipid DGTS (14), we investigated 127 

whether predator-prey interactions were affected in the DplcP mutant. We found no difference in 128 

ingestion of the DplcP mutant prey, i.e. no obvious differences in prey numbers inside the protist, 129 

regardless of whether the mutant prey was cultured in P-replete or P-deplete conditions (Fig. 2B). 130 

Lipidomics analysis confirmed that lipid remodelling (evidenced by formation of DGTS) only occurred 131 

in WT prey cultivated under P-deplete conditions whilst the DplcP mutant did not produce DGTS under 132 

either P-deplete or P-replete growth conditions (Fig. 2C, Suppl. Fig. S1). Together, these results 133 

suggest that the ciliate is capable of differentiating prey types depending on their ability to perform 134 

lipid remodelling and synthesis of non-P surrogate membrane lipids.  135 

To more quantitatively assess this difference in prey preference we analysed the ingestion 136 

rate, i.e. the number of bacteria ingested per min, using either WT or DplcP mutant prey. When 137 

consuming WT GFP-labelled prey cultivated under P replete conditions, Uronema was able to ingest 138 

2.55 ± 1.45 bacteria/min whilst for the same prey grown under P deplete conditions Uronema only 139 

ingested 1.51 ± 0.66 bacteria/min (Fig. 2D). In contrast, there was no difference in ingestion rate with 140 

DplcP mutant prey grown under P replete and P deplete conditions (Fig. 2D). We also analysed the 141 

percentage of protozoa containing prey using WT or DplcP mutant (Fig. 2E). Thus, after 5 min of 142 

interaction, 84 ± 0.2 % of protozoa contained prey when interacted with WT grown under P-replete 143 

conditions, but the number reduced to 58 ± 1.5 % when WT prey was cultivated under P-deplete 144 

conditions. Conversely, no difference in the percentage of protozoa containing prey was observed 145 

when the DplcP mutant was grown under P-replete/-deplete conditions (Fig. 2E). Together, these 146 

results support the notion that P stress induced membrane lipid remodelling facilitates prey escape 147 

from ciliate predation.  148 

 149 

Escape from ciliate ingestion involves mannosylated glycoconjugates but not size selection  150 
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We then set out to investigate the underlying mechanism for the apparent predator avoidance of lipid 151 

remodelled prey. Since protists are well known for selecting prey according to size (36), we first 152 

examined whether there was a difference in size between the WT and DplcP mutant grown under P 153 

replete and P deplete conditions. However, no obvious size differences were observed (Fig. 2F). In 154 

addition to size, masking the cell surface is another common strategy adopted by prey to avoid 155 

ingestion by protists (36). We therefore investigated whether the formation of surrogate membrane 156 

lipids under P deplete conditions affected prey capture by predator phagocytic receptors, among 157 

which the mannose receptor is strikingly conserved across the eukaryotic domain (37) and known to 158 

be used as a feeding receptor for recognising prey (38). We studied whether there was a noticeable 159 

difference in mannose-decorated glycoconjugates in WT and plcP mutant prey grown under P-replete 160 

and P-deplete conditions using a mannose-binding lectin (Concanavalin A) labelled with rhodamine. 161 

When WT prey was grown in P-replete medium substantially more rhodamine-labelling was detected 162 

by confocal microscopy (Fig. 2G, 2H) compared to the same prey grown under P-deplete conditions 163 

where the rhodamine signal was significantly reduced (Fig. 2G, 2H). This difference in rhodamine 164 

labelling was not observed with DplcP mutant prey which is unable to perform lipid remodelling (Fig. 165 

2G, 2H). These results suggest that the formation of surrogate lipids in response to P limitation reduces 166 

the level of mannose-containing glycoconjugates on the prey cell surface.  167 

To further support the involvement of mannose receptors in prey capture by Uronema a 168 

short-term ingestion experiment was performed using ciliates that had been pre-incubated with 169 

mannosylated bovine serum albumin (BSA-mannose) as a decoy. After incubation of the predator with 170 

BSA-mannose, a significantly lower rate of bacteria was ingested by the protozoa, corresponding to 171 

0.89 ± 0.71 bacteria/min and 0.45 ± 0.57 bacteria/min for the WT grown under P replete or P deplete 172 

medium, respectively (Fig. 2D). Together, these experiments suggest lipid remodelling in response to 173 

P limitation affects mannosylated macromolecules that are involved in prey-predator recognition.  174 

 175 
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The ciliate predator is capable of selective grazing with a preference for prey incapable of lipid 176 

remodelling 177 

Since prey carrying out lipid remodelling reduce the expression of mannose-containing 178 

glycoconjugates, which in turn reduces ingestion by the predator, we hypothesized this would result 179 

in selective grazing by the predator in a mixed prey community. To test this idea, we carried out three 180 

types of predation experiments using 1) WT prey grown under P-replete conditions mixed with WT 181 

prey grown under P-deplete conditions; 2) WT prey and DplcP mutant prey both cultivated under P-182 

replete conditions and 3) WT prey and DplcP mutant prey both cultivated under P-deplete conditions. 183 

To facilitate microscopy of the prey inside the ciliate, WT and DplcP mutant prey were labelled with 184 

GFP and mCherry depending on the growth condition, for subsequent confocal imaging.  185 

When the ciliate had the choice to feed on WT prey that was previously cultivated in a medium 186 

either replete or deplete in P (the latter condition causing lipid remodelling), the ciliate preferentially 187 

ingested prey that had not undergone lipid remodelling. Thus, after 5 min of interaction there were 188 

60.3 ± 5.4% P-replete prey but only 39.7 ± 5.4% P-deplete prey (Fig. 3A, Fig. 3B top panel). In contrast, 189 

when the ciliate had the choice between WT and DplcP mutant prey that had both been grown under 190 

P-replete conditions Uronema showed no significant prey preference (P>0.05 Fig. 3A, Fig. 3B middle 191 

panel) consistent with no lipid remodelling occurring under these conditions. Finally, Uronema given 192 

the choice of WT and DplcP mutant prey both grown in P-deplete medium (and hence with only WT 193 

prey having undergone lipid remodelling), the ciliate displayed a clear preference for the DplcP mutant 194 

(P<0.05) Fig. 3A, Fig. 3B lower panel). Together, these selective grazing experiments using a mixed 195 

prey community support the finding that a lipid remodelled prey has a selective advantage over its 196 

non-modelled counterpart by reducing its susceptibility to protist ingestion.  197 

 198 

A lipid remodelled prey supports better growth of the ciliate 199 

Having established that lipid remodelling facilitates the escape of prey from ingestion by the ciliate 200 

predator, we next examined the fate of prey in a long-term interaction experiment performed up to 201 
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72 hours. Interestingly, WT prey capable of lipid remodelling supported better growth of the ciliate at 202 

all three multiplicity-of-infections (MOIs) tested (Fig. 4A). Thus, after 24h of interaction at a MOI of 203 

500, Uronema cell densities reached 53,480 ± 5,517 cells/mL when fed on P-deplete prey compared 204 

to 34,370 cells/mL when fed on P-replete prey (Fig. 4A). Concomitantly, a sharp decrease in prey 205 

numbers occurred between 3h and 24h of interaction (Fig. 4B). The same trends were seen with MOIs 206 

of 100 and 10. Growth of the predator at 24h interaction was much reduced when consuming P-207 

deplete DplcP mutant prey (ca 18,889 ± 8,694 cells/ml) that is unable to perform lipid remodelling 208 

(Fig. 4C) and there was little difference in Uronema growth when fed on P-replete/-deplete DplcP 209 

mutant grown prey. Consequently, DplcP mutant prey abundance decreased only slightly across the 210 

experiment (Fig. 4D). Control experiments demonstrated that medium alone did not support 211 

Uronema or Phaeobacter growth and that the addition of Triton-X100 to release bacteria from 212 

protozoa had no impact on prey viability (Supp. Fig. S2). This significantly better Uronema growth 213 

when fed WT prey that has undergone lipid remodelling (Fig. 4A) suggests that lipid remodelled prey 214 

cells are more easily digested by the ciliate once ingested.  215 

 216 

Lipid remodelled prey is more susceptible to digestion  217 

In order to understand the fate of lipid remodelled prey inside the ciliate, co-localization studies were 218 

performed by tracking phagolysosome acidification after prey engulfment using the LysoTracker™ Red 219 

DND-99 stain which specifically stains acidic organelles in live cells. Confocal imaging showed intensive 220 

acidification of prey-containing vacuoles after 3 h interaction between Uronema and WT prey grown 221 

under P-deplete conditions, whereas WT prey cultivated under P-replete conditions markedly reduced 222 

acidification of the vacuoles (Fig. 5A). The DplcP mutant was also capable of largely preventing vacuole 223 

acidification regardless of whether it was cultivated in P-replete or P-deplete conditions. Thus, a 224 

quantitative analysis showed that only 39.4 ± 6.7% of bacteria-containing vacuoles were acidified 225 

when Uronema was fed P-replete prey compared to 73.8 ± 5.5% bacteria-containing vacuoles being 226 

acidified when fed P-deplete WT prey (Fig. 5B). Corresponding data for DplcP mutant prey grown 227 
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under P-replete/P-deplete conditions was 26.8 ± 5.1% and 31.0 ± 2.1%, respectively. Taken together, 228 

these results suggest that, once ingested, lipid remodelled prey is unable to prevent acidification of 229 

the phagosome and, as such, is better digested by the ciliate, therefore supporting higher Uronema 230 

cell abundances.  231 

Such an idea is further supported by analysis of food-containing vacuoles in mixed predator-232 

prey interaction experiments. After 3h, 10 h and 24 h interaction between Uronema and Phaeobacter, 233 

when Uronema was fed WT and DplcP mutant prey grown under P-replete conditions, there was no 234 

major change in the percentages of the two prey types inside the predator (Fig. 5D). However, when 235 

WT lipid remodelled prey was mixed with either WT or DplcP mutant unmodelled prey, the former is 236 

selectively digested (Fig. 5C, 5E). Together, these data suggest that prey that has undergone lipid 237 

remodelling is less able to inhibit phagolysosomal acidification after engulfment, and as such is more 238 

easily digested supporting better growth of the predator. Indeed, assessment of Phaeobacter survival 239 

in medium mimicking acidification (pH 6) and oxidative stress (the presence of hydrogen peroxide) 240 

conditions inside a phagolysosome showed that the WT lipid remodelled prey survived poorly at lower 241 

pH or in the presence of H2O2 compared to its unmodelled counterpart (Suppl. Fig. S3).  242 
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Discussion: 243 

The low availability of key nutrients like P in marine surface waters represents a grand challenge for 244 

microbes, particularly those inhabiting oligotrophic gyres. Although lipid remodelling enables these 245 

microbes to survive better these potentially P limited environments, as well as facilitating greater 246 

avoidance of ingestion by ciliate grazers, once ingested, these lipid remodelled cells are unable to 247 

survive phagolysosomal digestion (Fig. 6). Therefore, these microbes face an unsolvable dilemma. On 248 

the one hand, lipid remodelling helps prey escape ingestion by the ciliate, but on the other, prey is 249 

more susceptible to insult from the harmful acid and oxidative stress conditions resulting from 250 

lysosome fusion and phagosome acidification. We should add though that such a dilemma (between 251 

escape from ingestion and resistance to digestion) is not the only trade-off microbes face due to 252 

grazing pressure. For example, it is well known that bacteria can form biofilms or clumping (39, 40) to 253 

avoid capture by protists at the expense of growth, such morphological changes affecting cell surface 254 

area-to-volume ratios which negatively impact on nutrient uptake for optimum growth. Similarly, 255 

unicellular algae with larger cell sizes are poorly grazed but have low ammonium uptake rates and 256 

grow poorly (41). Equally, Pseudomonas aeruginosa isolated from long-term chronically infected 257 

patients are less resistant to protist grazing (42). Thus, it is clear that adaptation to a specific niche can 258 

come with consequences to an organisms’ viability, although it remains to be seen what other trade-259 

offs in predator-prey interactions exist following adaptation of cosmopolitan marine microbes to P 260 

limitation.  261 

To capture prey, phagotrophic cells must recognize certain bacterial structures to avoid self-262 

predation or engulfment of inorganic matter (43). One of the most evolutionally conserved structures 263 

involved in prey recognition by phagotrophic cells are mannose-binding lectins (44) which are found 264 

not only in mammalian macrophages but also protists such as dinoflagellates and ciliates (37). 265 

Interestingly, we observed that lipid remodelling induced by prey P limitation impaired decoration of 266 

prey cells by mannose-containing glycoconjugates and subsequent ingestion by the ciliate grazer (Fig. 267 

2G, 2H) although the identities of these cell-surface mannosylated glycoconjugates remain to be 268 
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established. Such an interplay of abiotic control of prey ingestion may be more common than 269 

previously expected. For example, it has been noted that a nitrogen-deficient culture of the 270 

microalgae Isochrysis galbana was also rich in cell surface mannose (45, 46), whilst phosphate 271 

limitation appears to play a role in the digestion of green algae by zooplankton (47). Moreover, 272 

members of the highly abundant SAR11 clade have a much less hydrophobic cell surface than other 273 

planktonic bacteria facilitating filtration evasion by slipping through the mucous nets of marine 274 

tunicates (48). This reiterates the importance and complexity of the prey cell surface in predator-prey 275 

interactions. 276 

Surprisingly, enhanced ingestion of prey did not translate into better growth of the ciliate 277 

predator. Whilst we would have expected better Uronema growth when grazing on WT prey that had 278 

previously grown in P-replete medium replete due to its higher nutritional quality (49), we observed 279 

the opposite (Fig. 4). Thus, 24h post-interaction with WT prey cultivated in P replete medium Uronema 280 

reached a concentration 35% lower (at a MOI of 500) compared to the same prey cultivated in P-281 

deplete medium. Concomitantly, nearly 99% of the prey cultivated in P replete medium were 282 

consumed (Fig. 4B). It thus appears that lipid unmodelled prey (i.e. WT prey grown in P replete 283 

conditions or the DplcP deletion mutant grown under either P-replete or P-deplete conditions - since 284 

this mutant is unable to remodel its lipids) is capable of preventing digestion by inhibiting the 285 

acidification of the food-containing vacuole. This conclusion is supported not only by co-localizing 286 

fluorescence-labelled prey cells with LysoTracker (Fig. 5A-B), but also by the evolution of intracellular 287 

survival in mixed prey grazing experiments following the pre-culturing of prey under P-replete or P-288 

deplete growth conditions (Fig. 5C-E). Interestingly, in vitro experiments mimicking phagolysosome 289 

acidification and oxidative stress also demonstrates that lipid remodelled prey are significantly more 290 

sensitive to killing by low pH and oxidative stress (Suppl. Fig. 2). Although it is unclear how membrane 291 

lipid remodelling prevents acidification of the food-containing vacuoles in this ciliate, it is possible that 292 

some type of bacterial effector is released by the prey in response to mannose-binding lectin 293 

dependent phagocytosis in order to prevent the formation or subsequent acidification of the 294 
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phagolysosome. In this regard, such a prey-ciliate interaction resembles pathogen clearance by 295 

professional human phagocytes such as macrophages (50). Certainly, marine roseobacters are known 296 

to produce toxins (51, 52) that are capable of inhibiting the growth of, or even killing, eukaryotic 297 

phytoplankton (52-54). Thus the role of lipid remodelling in bacteria-eukaryote interactions clearly 298 

warrants further investigation.  299 

Overall, our data highlights a new avenue in predator-prey interactions, namely how these 300 

interactions can be governed by nutrient availability via the remodelling of membrane lipids that takes 301 

place under P-deplete growth conditions (Fig. 6). In the model Phaeobacter sp. we utilise here, 302 

remodelling reduces its P consumption by replacing membrane phospholipids (primarily 303 

phosphatidylglycerol and phosphatidylethanolamine) with alternative non-phosphorus lipids (e.g. 304 

DGTS) (14). The fact that this lipid remodelling process is occurring naturally in P-deplete oceanic 305 

waters across not only heterotrophic bacteria (13, 14) but also cyanobacteria and eukaryotic algae 306 

(12, 55) is suggestive of a much wider importance of this phenomenon. Extensive lipid remodelling in 307 

the natural environment is reiterated not only by metagenomics and transcriptomics data of the plcP 308 

gene directly involved in remodelling in heterotrophic bacteria at least (Fig. 1B), but also by direct 309 

analysis of membrane lipids in natural microbial communities (12, 14, 55, 56). However, how general 310 

across different taxonomic groups of predator and prey these effects are, clearly requires further 311 

work. Moreover, given the effects of remodelling on predator-prey interactions we report here are 312 

ultimately controlled by in situ P concentrations (which controls lipid remodelling) then such 313 

interaction effects are also likely to be dynamic in their nature given the often seasonal nature of P 314 

limitation e.g. in the Mediterranean Sea PlcP-mediated lipid remodelling occurs across an annual cycle 315 

whereby P limitation intensifies during spring and summer but starts to become alleviated from 316 

September (14, 57). Nonetheless, this work clearly highlights the complex interplay between the 317 

abiotic nutrient environment, microbes and their grazers and how predator-prey dynamics are 318 

governed by abiotic control of prey physiology which has important implications for how we model 319 
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trophic interactions in marine ecosystem models particularly in a future scenario where nutrient 320 

deplete gyre regions are set to expand (11).  321 
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Materials and Methods: 322 

Bacteria and ciliate strains and cultivation conditions: Bacteria and ciliate strains used in this study is 323 

shown in Supplementary Table S2. Phaeobacter sp. MED193 was maintained in Marine Broth (MB) 324 

(DifcoTM 2216; BD, Franklin Lakes, NJ, USA). A previously constructed Phaeobacter sp. MED193 DplcP 325 

mutant, unable to perform lipid remodelling, was also used (14). Bacteria were cultivated in 326 

Erlenmeyer flasks containing 40 mL modified artificial seawater (ASW) (58, 59), comprising sodium 327 

chloride 25 g/L, magnesium chloride hexahydrate 2 g/l, potassium chloride 0.5 g/l, calcium chloride 328 

dihydrate 0.5 g/l, magnesium sulfate 1.75 g/l, potassium dihydrogene phosphate 344.6 μM, HEPES 10 329 

mM (pH 8.0), ammonium chloride 0.4078 g/l and sodium succinate 10 mM. The final pH of the medium 330 

was adjusted to 7.6. After autoclaving, the medium was supplemented with 1 mL trace metal solution 331 

(58, 59) and 1 mL vitamin solution (60). Cultures were incubated at 30°C with shaking at 180 rpm until 332 

stationary phase. To induce lipid remodelling, cells were harvested by centrifugation and washed 333 

three times before being re-suspended in ASW medium either replete (344.6 μM) or deplete (0 μM) 334 

in phosphate and incubated at 30°C with shaking at 180 rpm for 36 hr.  335 

Axenic Uronema marinum, originally isolated from coastal seawater from Qingdao, China (61), 336 

was grown in 25 cm2 tissue culture flasks (Corning® FalconTM, Corning, NY, USA) containing 20 mL 337 

Rich’s medium at 22.5°C. Rich’s medium was modified from the artificial seawater for protozoa (CCAP) 338 

and additionally contained 15 g/L protease/peptone (Oxoid, Basingstoke, UK), 5 g/L yeast extract 339 

(Sigma-Aldrich, Saint Louis, MO, USA), 10 g/L Complan (Heinz, Pittsburgh, PA, USA), 200 mL/L 340 

Leibovotz’s L-15 (Fisher, Watham, MA, USA) and 0.1 M glucose. Medium was adjusted to pH 7.6-7.8 341 

with 2 M sodium hydroxide and autoclaved at 120°C for 20 min. The axenic nature of the ciliate was 342 

routinely monitored by DAPI staining. 343 

 344 

Enumeration of Uronema: Uronema growth kinetics were carried out over a time course of 72h in 96-345 

well microplates. After rapid fixation with 10% Lugol iodine, the concentration of the ciliate 346 

suspension was assessed using a Malassez cell counting chamber. 347 
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 348 

Lipid analysis: Bacterial lipids were extracted using a modified Folch extraction protocol as described 349 

previously (62, 63). Briefly 1mL culture (OD600nm=0.5) was collected by centrifugation. Total lipids were 350 

then extracted using methanol-chloroform, dried under nitrogen gas and the pellet re-suspended in 1 351 

mL solvent (95%(v/v) liquid chromatography-mass spectrometry (LC-MS) grade acetonitrile, 5 % 10 352 

mM ammonium acetate pH 9.2 in water). Bacterial lipids were analysed by LC-MS using a Dionex 353 

3400RS HPLC with a HILIC BEH amide XP column (2.5 µm, 3.0x150 mm, Waters) coupled with an 354 

amaZon SL ion trap MS (Bruker) via electrospray ionisation (ESI) in both positive (+ve) and negative (-355 

ve) ionisation mode. Data analysis was carried out using Bruker Compass software package. 356 

 357 

Concanavalin A staining of bacteria: After growth in P-replete or P-deplete ASW medium, bacterial 358 

cultures were collected by centrifugation and the OD600nm adjusted to 0.1. Then, 1 mL of the different 359 

suspensions were inoculated in triplicate into 24 well plates containing a coverslip previously coated 360 

with poly-D-Lysine (MW 70,000-150,000, Sigma-Aldrich, Saint Louis, MO, USA). Afterwards, the 361 

samples were directly fixed by adding formaldehyde at 4% (v/v) for 20 min and a low-speed 362 

centrifugation (15 min at 900 g) was used to initiate and increase cell adhesion to the coverslips. 363 

Finally, cells were stained with DAPI (5 µg/mL) and Concanavalin A (ConA) tetramethylrhodamine 364 

conjugate (Thermo Fisher Scientific, Waltham, MA, United States) (20 µg/mL) (39) and mounted with 365 

a drop of Mowiol antifade before observation using a confocal laser scanning microscope (CLSM, Zeiss 366 

LSM 880, Göttingen, Germany). Bacterial biovolumes and the biovolume of ConA-stained 367 

glycoconjugates in confocal laser scanning microscopy (CLSM) images were determined using 5 368 

images for each of the three replicates using COMSTAT software developed in MATLAB R2015a 369 

(MathWorks, Natick, MA, United States) as described previously (64). Bacterial cell length was 370 

calculated from measurements made using at least 300 cells for each of the three replicates using 371 

MicrobeJ software (65) developed in Fiji 2.1.0/1.53c. 372 

 373 
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Prey labelling using fluorescent proteins: To visualize prey within protozoa, plasmids pBBR-KanR-374 

p(aphII)-sfGFP and pBBR-KanR-p(aphII)-mcherry were generated that constitutively express a green 375 

fluorescent protein (GFP) or mcherry, respectively. The constitutive promoter of the aminoglycoside 376 

phosphotransferase II (aphII) was amplified by PCR as described previously (66) and Gibson assembly 377 

used to drive expression of each fluorescent protein in the broad-host-range cloning vector pBBR1 378 

MCS-2 (67) forming pBBR-GentR-p(aphII)-sfGFP and pBBR-KanR-p(aphII)-mcherry. These plasmids 379 

were transformed into Escherichia coli S17.1 λ-pir via electroporation and mobilized into WT 380 

Phaeobacter sp. MED193 and the plcP mutant via conjugation (Supp. Table S2), using ½ YTSS as the 381 

medium (DSMZ). Transconjugants were selected using gentamicin (10 µg/mL) or kanamycin (50 382 

µg/mL) on sea salts minimal medium containing artificial sea salts 30 g/L, sodium phosphate 1 mM, 383 

HEPES 10 mM (pH 8.0), FeCl2 5 μM, glucose (3 mM), succinate (5 mM), a mixture of vitamins (68) and 384 

glycine betaine (2mM) as the sole nitrogen source as previously described (69). 385 

 386 

Interaction of the ciliate with a single prey: To initiate physical interaction between the predator and 387 

prey and to avoid growth of the prey during interactions, bacteria and protozoa were transferred to 388 

ASW medium deplete in either a carbon source (succinate) or phosphate. Protozoan suspensions were 389 

inoculated into 96 well plates at 1X104 cells/mL. The prey (WT Phaeobacter sp. MED193 or the plcP 390 

mutant) were inoculated at a multiplicity of infection (MOI) of 10, 100 or 500 (equivalent to 10, 100 391 

or 500 prey per protist cell, respectively). After 3h, 10h, 24h and 48h of contact time at 22.5°C, ciliates 392 

were treated with Triton™ X-100 (0.05%) for 30 min on ice and mechanically lysed by mixing using a 393 

syringe and 25g needle (BD, Franklin Lakes, NJ, USA) as described previously (39). Bacterial prey 394 

numbers were quantified by serial dilution on marine broth agar plates. 395 

 396 

Interaction of the ciliate with two prey types: To initiate interaction of the ciliate with a two-prey 397 

mix, prey and ciliate were transferred into ASW medium containing 2.5 mM succinate and 86 µM 398 

phosphate (25% of the normal concentration) in order to limit prey growth. The ciliate was inoculated 399 



 19 

at 1x104 cells/mL whereas bacteria were inoculated at an MOI of 50 for each prey type (i.e., a MOI of 400 

100 for total bacteria) using 24 well plates. After 5 min, 3h, 10h or 24h of contact time at 22.5°C 401 

samples were directly fixed by adding formaldehyde at 4% (v/v) for 30 min, then a coverslip previously 402 

coated with poly-L-Lysine was deposited in each well. Low speed centrifugation (15 min at 900 g) was 403 

used to initiate and increase cell adhesion to the coverslips. Finally, U. marinum cells were stained 404 

with DAPI and mounted with a drop of Mowiol antifade as described above before observation using 405 

CLSM. 406 

 407 

Visualisation of prey inside U. marinum using CLSM: Once the prey-ciliate interaction was initiated, 408 

subsamples of the ciliates after 5 min, 3h, 10h and 24h of contact time were stained with DAPI (5 409 

µg/mL) to visualise the ciliate nucleus. After 3h of contact time Uronema cells were treated with 410 

LysoTracker™ Red DND-99 (Fisher, Watham, MA, USA) (70 nM final concentration) for 30 min to stain 411 

lysosomal acidic compartments to observe the digestion process. To assess the involvement of 412 

mannose receptors in prey capture by Uronema, protists were pre-incubated for 30 min with 20 µM 413 

BSA-mannose to mask these receptors according to Wootton et al. (2007) prior to prey interaction 414 

(38). Afterwards, samples were directly fixed by adding formaldehyde 4% (v/v) for 30 min. 415 

Subsequently, a coverslip previously coated with poly-D-Lysine was deposited in each well. Low speed 416 

centrifugation (15 min at 900 g) was used to initiate and increase cell adhesion to the coverslips. 417 

Finally, cells were mounted with a drop of Mowiol antifade before observation using CLSM.  418 

 419 

Analysis of plcP transcripts in the Tara Oceans database: Tara Oceans metagenomes (OM-RGCv2+G) 420 

and metatranscriptomes (OM-RGCv2+T) were queried using Phaeobacter sp. MED193 PlcP via the 421 

Ocean Gene Atlas web portal (18). plcP abundance in both metagenomes and metatranscriptomes 422 

was obtained using hmmsearch with an expect threshold of 1e-40 normalised to the median abundance 423 

of ten single copy marker genes (70, 71). 424 

 425 
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Statistics: For each experiment, at least three biological replicates were performed and ≥100 protist 426 

cells per replicate were counted. To test for statistically significant differences (p<0.05) between two 427 

conditions a T-test was performed and a one-way analysis of variance including the Bonferroni post-428 

test were performed to compare more than two conditions. The Wilcoxon-Mann-Whitney test was 429 

used to test for statistically significant differences (p<0.05) between the distribution of data obtained 430 

between two conditions. These tests were performed using SPSS 26.0 (IBM, Armonk, NY, USA). 431 
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Figure legends 443 

Figure 1. Global prevalence and expression of the plcP gene and geographic distribution of Uronema 444 

sp. in marine systems. The distribution of the plcP gene in the global ocean (surface waters only) using 445 

the Tara Oceans dataset. The area of each bubble represents normalized plcP gene (A) or transcripts 446 

(B) abundance as the percentage of the median of ten prokaryotic single copy marker 447 

genes/transcripts at each sampling site. The Ocean Gene Atlas (OGA) database was searched using 448 

plcP of Phaeobacter sp. MED193 with an e-value cut-off of e−40. (AO = Arctic Ocean, IO = Indian Ocean, 449 

MS = Mediterranean Sea, NAO = North Atlantic Ocean, NPO = North Pacific Ocean, RS = Red Sea, SAO 450 

= South Atlantic Ocean, SO = Southern Ocean, SPO = South Pacific Ocean). (C) Geographic distribution 451 

based on culture isolation and molecular detection of Uronema marinum strains around the world 452 

from various representative studies (Supp. Table S1). 453 

 454 

Figure 2. Lipid remodelling facilitates prey escape from ingestion by the marine ciliate Uronema 455 

marinum. Confocal laser scanning microscopy images showing green fluorescent protein (GFP) 456 

labelled wild-type (WT) prey (A) or the ΔplcP mutant (B) inside the predator. WT and mutant prey cells 457 

were grown under either P-replete or P-deplete conditions. Formation of the surrogate lipid 458 

diacylglyceryl trimethylhomoserine (DGTS) is a hallmark event for lipid remodelling which was 459 

observed only in the WT prey cultivated in P-deplete conditions (C). Both ingestion rate (D) and the 460 

percentage of prey inside the protist (E) revealed that lipid remodelled prey was less likely ingested 461 

by the ciliate. These experiments were carried out in three biological replicates and at least 100 ciliates 462 

were counted for each replicate. (F) Measurement of the cell length of WT and ΔplcP mutant cells. 463 

The measurements were carried out using MicrobeJ software with at least 300 cells for each of the 464 

three replicates. (G, H) Confocal laser scanning microscopy images (H) and biovolume quantification 465 

(G) showing detection of mannose-containing glycoconjugates by tetramethylrhodamine (TRITC, red)-466 

labelled Concanavalin A lectin (ConA-TRITC). The ratio was expressed as the biovolume of ConA-467 

stained glycoconjugates to the bacterial biovolume (DAPI, blue). Values are the mean of three 468 
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replicates; error bars represent standard deviations and asterisks indicate significant difference (**p 469 

< 0.01 and ***p < 0.001). 470 

 471 

Figure 3. The marine ciliate Uronema marinum selectively ingests lipid unmodelled prey (A) 472 

Percentage of phagosomes containing WT prey grown under P-replete or P-deplete conditions (left), 473 

WT or ΔplcP mutant prey grown under P-replete conditions (middle) or WT and ΔplcP mutant prey 474 

grown under P-deplete conditions (right). Results were obtained from three independent biological 475 

replicates counting food vacuoles from n=100 ciliates. Values are the mean of three replicates; error 476 

bars represent standard deviations and asterisks indicate significant difference (*p < 0.05 and **p 477 

<0.01). (B) Confocal laser scanning microscopy images of prey inside the predator. Upper panel, WT 478 

grown under P-replete conditions (labelled with GFP) and WT grown under P-deplete conditions 479 

(labelled with mCherry); Middle panel, WT (labelled with mCherry) and the ΔplcP mutant (labelled 480 

with GFP) grown under P-replete conditions; Lower panel, WT (labelled with mCherry) and the ΔplcP 481 

mutant (labelled with GFP) grown under P-deplete conditions. 482 

 483 

Figure 4. Lipid remodelled Phaeobacter sp. MED193 prey promotes better growth of Uronema. The 484 

abundance of U. marinum (A and C) and Phaeobacter sp. MED193 WT (B) and ΔplcP mutant (D) during 485 

interactions in P-replete (green) or P-deplete medium (blue) at a MOI 10 (dotted lines), MOI 100 486 

(dashed lines) and MOI 500 (solid lines). Uronema cells were counted using a Malassez counting 487 

chamber over 72h interaction period, and Phaeobacter WT and ΔplcP mutant cells were counted over 488 

a 48h period of interaction with Uronema. Measurements were made using three biological replicates 489 

each with three technical replicates and error bars represent standard deviations.  490 

 491 

Figure 5. A lipid remodelled prey is more susceptible to ciliate digestion inside the phagolysosome. 492 

(A) Confocal laser scanning microscopy images showing green fluorescent protein (GFP) labelled wild-493 

type prey (top) or ΔplcP mutant prey (bottom) and acidification of the phagolysosomes (Lysotracker, 494 
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Red) during predation by Uronema. (B) The percentage of acidified phagolysosomes containing WT 495 

prey or ΔplcP mutant prey inside the predator. Values are the mean of three replicates; error bars 496 

represent standard deviations and asterisks indicate significant difference (**p < 0.01). (C) The 497 

percentage of phagolysosomes containing WT prey that had been grown under P-replete or P-deplete 498 

conditions. (D) The percentage of phagolysosomes containing either WT or ΔplcP mutant prey grown 499 

in P-replete medium (E) The percentage of phagolysosomes containing WT or ΔplcP mutant prey 500 

grown in P-deplete medium. For C-E results were obtained from three independent biological 501 

replicates from which vacuoles from n=100 ciliates/replicate were counted. Values are the mean of 502 

three replicates; error bars represent standard deviations and asterisks indicate significant difference 503 

(*p < 0.05, **p<0.01 and ***p < 0.001). 504 

 505 

Figure 6 Proposed trade-off mechanism due to lipid remodelling of Phaeobacter sp. MED 193 when 506 

interacting with the predator Uronema marinum. Phaeobacter sp. MED193 grown in a P-deplete 507 

environment induces lipid remodelling in order to reduce its P quota and release phosphate for use in 508 

other major cellular processes. A lipid remodelled cell has a reduced level of mannose-containing 509 

macromolecules, making prey capture by Uronema marinum problematic. However, conversely a lipid 510 

remodelled prey is unable to prevent phagolysosomal acidification making it more susceptible to 511 

digestion by the ciliate which in turn facilitates better ciliate growth.   512 
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