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 2 

Abstract 26 

Plasmids play critical roles in spreading and maintaining antimicrobial resistance (AMR). They 27 

often exhibit prolonged persistence upon antibiotic treatment, even when they impose substantial 28 

burden on their hosts. This persistence has been primarily attributed to rapid horizontal transfer 29 

or low plasmid cost. However, these mechanisms cannot account for the slow decay of 30 

burdensome plasmids with poor mobility. Here, we show that the decoupling of time scales 31 

between slow segregation loss and fast growth competition leads to a slow-down in plasmid 32 

abundance decay at high initial plasmid abundance, reminiscent of the ghost effect from nonlinear 33 

dynamical systems. Integrating theory, simulations, and quantitative experiments across clonal 34 

populations and multi-species bacterial communities, we demonstrate that a transient antibiotic 35 

pulse can eliminate plasmid-free cells and create a ghost state that extends plasmid persistence 36 

from days to months. Our research reveals a generalizable mechanism for the prolonged 37 

ecological memory of antibiotic exposure and underscores the need for proactive strategies to 38 

curb the spread of AMR.   39 
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Introduction  40 

Plasmids are self-replicating genetic elements that play a critical role in bacterial evolution 41 

by enabling the acquisition, maintenance, and dissemination of adaptive traits such as 42 

antimicrobial resistance (AMR)1-3, giving rise to many multidrug-resistant high-risk clones4,5 and 43 

accelerating the global AMR crisis3. Although plasmid carriage is often assumed to be 44 

burdensome in the absence of selection, leading to rapid plasmid loss6,7, empirical studies 45 

suggest otherwise. Resistance frequency often remains high for months after short-term antibiotic 46 

treatments (days to weeks), despite the absence of continued selective pressure thereafter8-12. 47 

Given that many resistance determinants reside on plasmids11,13-19, the slow resistance reversal 48 

suggests burdensome plasmid can still experience long transients after antibiotic exposure.  49 

 50 

Different mechanisms may account for this prolonged persistence after antibiotic 51 

treatment. For instance, positive selection can increase the frequency of compensatory mutations 52 

that reduce the cost of plasmid carriage and slow down the decay of plasmids20. Long half-life of 53 

certain antibiotics can exert sustained selection for resistance after the treatment ceased9. More 54 

broadly, the persistence or slow reversal of resistance or plasmid carriage can be associated with 55 

low or zero fitness cost6,21-23, high conjugation rate24-26, or both24,27. Co-selection by antibiotics6,28 56 

or environmental contaminants29 on the same mobilizable gene element has also been proposed. 57 

However, these mechanisms cannot account for the slow decay of plasmids whose baseline 58 

abundance is low, i.e., burdensome, low-mobility plasmids get lost fast.  59 

 60 

Past theories suggest another under-appreciated possibility: the slow segregation loss of 61 

plasmids30,31. While largely ignored due to its relatively minor contribution to plasmid steady state 62 

persistence24,25,27, slow segregation loss can sustain plasmid carriage in clones for a long time 63 

32,33, before plasmid-encoded high-burden cargoes drive the plasmid to get completely lost. This 64 

provides a theoretical basis for the prolonged plasmid carriage following antibiotic exposure: 65 
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antibiotics can eliminate the plasmid-free competitor cells, so the plasmid needs to go through 66 

the slow segregation loss process before rapidly decrease in their abundance due to the growth 67 

competition from plasmid-free segregant.  68 

 69 

Here, we combine theory, numerical simulations, and quantitative experiments to 70 

demonstrate this principle in clonal populations, synthetic E. coli communities, and multi-species 71 

communities of hospital sink isolates: the decoupling of time scales between segregation loss and 72 

growth competition can lead to the observed prolonged ecological memory of plasmids. This 73 

principle underscores the need to develop active intervention strategies beyond standard 74 

antibiotic stewardship. 75 

 76 

Results 77 

Population ghost effect slows down plasmid abundance decay 78 

We start from a simple ordinary differential equation (ODE) model depicting the dynamics 79 

of a non-mobilizable plasmid within a single strain population (Methods). The dynamics of 80 

plasmid loss in a population are mainly dictated by two processes: (1) segregation loss, where a 81 

daughter cell fails to inherit the plasmid during cell division (Fig. 1a, pink), and (2) growth 82 

competition, where plasmid-carrying cells are outcompeted by plasmid-free population due to 83 

plasmid-imposed metabolic burden on their host (Fig. 1a, purple). Segregation loss is generally 84 

a slow process, where different plasmids can deploy active partitioning, post-segregational killing, 85 

and high copy-number to minimize its loss during cell division34,35. Meanwhile, growth competition 86 

operates on a faster timescale.  87 

 88 

We used the ODE model to simulate plasmid abundance (fraction of plasmid carrying cells 89 

in a population) over time (Fig. 1b), across different initial plasmid abundances of P0% = 100%, 90 

99%, 90%, 50%, and 20%. When starting from a pure plasmid-carrying population (P0% = 100%), 91 
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plasmid abundance decays in two phases, corresponding to the two processes: an initial slow 92 

decay driven by segregation loss, followed by a faster decay driven by growth competition once 93 

plasmid-free cells have emerged. This two-phase behavior is consistent with previous 94 

experimental observations32,36, where the presence of post-segregational killing mechanism 95 

results in a long plateau in which plasmid abundance remains ~100%. In the absence of active 96 

partitioning or post-segregational killing mechanisms, this plateau was significantly shortened or 97 

even eliminated. As the initial plasmid abundance decreases, growth competition becomes more 98 

prominent, driving the plasmid abundance decay exponentially. Based on a previous work30, we 99 

can analytically derive the half-life of plasmid abundance decay (Methods) which nonlinearly 100 

increases with initial plasmid abundance (Fig. 1c). When P0% << 100%, the abundance decays 101 

exponentially with half-life 𝜏!/#	 = 	 !
$
log 2 . When P0% = 100%, plasmid half-life becomes 102 

𝜏!/#	 → 	 !
$
log($

%
), where 𝛿 is the rate of growth competition between the plasmid-free and plasmid-103 

carrying populations, and 𝜅 is the segregation loss rate. In most cases,  𝜅 ≪ 𝛿 24, thus half-life 104 

𝜏!/#	becomes large, and the high abundance state appear as the ghost of an equilibrium37. This 105 

logarithmic scaling between 𝜅 and 𝜏!/# resembles the ghost effect coined by Strogatz37, originally 106 

referring to the loss of stability in a dynamical system during saddle-node bifurcation. The 107 

prolonged plasmid carriage in our case instead arises from the remnant of a saddle point (when 108 

𝜅 increases from 0 to a small number).  109 

 110 

To test our prediction of diverging half-lives near pure population, we monitored the 111 

abundance of three non-mobilizable plasmids with different origin of replication, pSC101 112 

(kanamycin resistant, KanR), colE1 (KanR), and pUC (spectinomycin, SpecR), all encoding sfGFP, 113 

in E. coli strain MG1655 over time (Fig. 1d & Fig. S1). To facilitate high-throughput measurements, 114 

we used the GFP/OD ratio to quantify plasmid abundance (calibration details in Methods). 115 

Plasmid-carrying MG1655 cells were mixed with plasmid-free MG1655 cells at different volume 116 
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 6 

ratios to generate populations where plasmid carrying cells make up of 100%, 99%, 90%, 50% or 117 

20% of the total population. Populations were cultured in LB and diluted 1:500 every 24 hours 118 

(Methods). As predicted by the mathematical model, a plateau in plasmid abundance was 119 

observed at high initial abundances before exponential decay (Fig. S1b), significantly prolonging 120 

the half-life of plasmid abundance. Thus, the initial purity of the community, in terms of the 121 

plasmid-carrying cell population, dictates the plasmid half-life (Fig. 1 e - g). Interestingly, at P0% 122 

= 100%, pUC persisted in the community. As a high copy plasmid38, the stochastic chance of pUC 123 

to have segregation error becomes extremely small, preventing the birth of plasmid-free cells and 124 

the subsequent growth competition. Moreover, for the populations with plasmid abundance decay 125 

(pUC with P0% = 99% and 90%, and colE1 with P0% = 99%), the plasmid abundances sometimes 126 

rebounded, suggesting potential compensatory mutations. 127 

 128 

We further quantified the dynamics of two conjugative plasmids, pCU1 and R6K in E. coli 129 

DA28102, with daily 100-fold dilution in LB media supplemented with 25 μg/mL chloramphenicol 130 

(Cm) to prevent contamination. Under these conditions, pCU1 and R6K cannot persist at steady 131 

state and were lost rapidly for P0% < 90%. With P0% = 90%, pCU1 had a half-life of 4.7 ± 0.4 days 132 

(mean ± SD, n = 3), and R6K had a half-life of 6.8 ± 1.0 days (mean ± SD, n = 3). However, both 133 

exhibited drastically prolonged persistence when P0% is near 100% (Fig. 1h & i, Fig. S2).  134 

 135 

Transient antibiotic selection extends plasmid half-life through purifying selection 136 

 Antibiotics can eliminate plasmid-free cells in a population and purify the population to 137 

enter the ghost effect region (Fig. 2a). We thus hypothesize selection with antibiotics could 138 

prolong plasmid persistence.  We assembled populations of E. coli MG1655 with an equal mixture 139 

of plasmid-free and plasmid-carrying cells (P0%=50%). We used the non-mobilizable, sfGFP-140 

encoding plasmids pSC101, colE1, and pUC for high-throughput measurement. We applied a 141 

pulse of antibiotic selection to the populations between day 2 and 3. After growing the population 142 
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 7 

in LB supplemented with a gradient of antibiotics (Kan for pSC101 and colE1, and Spec for pUC) 143 

for 24 hours, we removed the selection and tracked the GFP/OD readout over time (Fig. 2b – d, 144 

Fig. S3b). The half-lives of the three plasmids all substantially increased with the strength of the 145 

pulsed antibiotic selection (Fig. 2e - g), and plateaued above critical concentrations. The critical 146 

concentrations are 3.125 µg/mL Kan for pSC101, 6.25 µg/mL Kan for colE1, and 12.5 µg/mL Spec 147 

for pUC.  148 

 149 

Antibiotic pulse induces prolonged plasmid carriage in synthetic E. coli communities 150 

To determine whether the ghost effect occurs in more complex microbial systems, we 151 

constructed five synthetic communities of E. coli Keio strains39 (Table S1 & S2). Each strain 152 

contains a uniquely barcoded, non-mobilizable plasmid, enabling the quantification of community 153 

structure using next generation sequencing (NGS). The first community, Comm87, consisted of 154 

86 background strains plus one donor strain carrying conjugative plasmid R388 (trimethoprim 155 

resistant, TrimR). Four other communities (Comm57) shared the same background community of 156 

56 barcoded Keio strains, in addition to a unique donor strain carrying one additional conjugative 157 

plasmid, either R6K (streptomycin resistant, StrpR), pCU1 (carbenicillin resistant, CarbR), R388, 158 

or RP4 (tetracycline resistant, TetR). The overnight cultures of the background strains were 159 

equally combined, then mixed with the donor strain at a 3:1 ratio to assemble each of the five 160 

communities. The communities were passaged daily with a 100-fold dilution in LB media 161 

supplemented with 100 μg/mL Carb for Comm87 or 25 μg/mL Cm for Comm57 to maintain the 162 

barcode plasmids. We tracked the abundance of the target plasmids over time through selective 163 

plating. 164 

 165 

Without any additional antibiotic intervention, the conjugative plasmids exponentially 166 

decayed (Fig. 3a - c, purple), with half-lives of 2.2 ± 0.4 days (mean ± SD, n = 3) for R388 in 167 

Comm87, 4.4 ± 0.1 days (mean ± SD, n = 3) for R6K in Comm57, and 1.0 ± 0.1 days (mean ± 168 
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 8 

SD, n = 3) for pCU1 in Comm57 (Fig. 3d - f). R388 and RP4 were able to persist in Comm57 for 169 

the entire course of the 20-day experiment (Fig. 3g & h). As predicted by the model, antibiotic 170 

selection for the plasmids, applied between day 2 and 3, increased plasmid abundances to 171 

approach 100%. Driving the communities into the ghost state drastically extended plasmid half-172 

lives to 27.3 ± 1.7 days (mean ± SD, n = 3) for R388 in Comm87 and 9.9 ± 0.9 days (mean ± SD, 173 

n = 3) for pCU1 in Comm57 (Fig. 3 d-f, p<0.01 or p<0.001 with Welch’s t-test). Plasmids R6K, 174 

R388, and RP4 all persisted in the communities at ~100% for more than 17 days after antibiotic 175 

selection (Fig. 3b, g, h, orange). The four Comm57 communities, when passaged in a different 176 

dilution rate (1:500), showed similar results (Fig. S4). 177 

 178 

We used NGS to quantify the community composition over time (Fig. 3i & Fig. S5). Upon 179 

antibiotic selection, a significant shift in each community structure was observed, and the 180 

community diversity dropped significantly (Fig. S6). Upon selection, the relative abundances of 181 

the plasmid donors were significantly amplified (Fig. 3j), while the donor abundances decreased 182 

in most communities without antibiotic pulse. The decline in diversity, and the increase in donor 183 

abundance, suggests that the plasmids have not yet spread to every member in the community. 184 

One exception was Comm57 harboring RP4, where the donor abundance was significantly 185 

decreased upon antibiotic selection (Fig. 3j). While in other communities the antibiotic pulse 186 

resulted in a crash in diversity, the RP4 community instead increased its diversity (Fig. S6). This 187 

could be due to the combination of two factors: the low fitness of the donor strain, and the fast 188 

conjugation capacity of RP424,40. By the time positive selection took place, most strains in the 189 

community would have already received the plasmid and could outcompete the donor strain in 190 

the presence of Tet. 191 

 192 

These findings demonstrate that the ghost effect operates not only in clonal populations 193 

but also in synthetic microbial communities. A brief antibiotic pulse can reorganize community 194 
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composition by selectively eliminating plasmid-free competitors, thereby stabilizing plasmid 195 

persistence at the community level without requiring genetic adaptation. 196 

 197 

Ghost effect in multi-specific communities with niche partition 198 

 In nature, microbes can co-exist in natural communities through niche partition, where 199 

different members can take up different resources (Fig. 4a) or habitats (Fig. 4b) to avoid 200 

competitive exclusion. In the above experiments, we showed the ghost effect taking place in 201 

clonal populations and E. coli communities, where strong competitions exist between individual 202 

strains, and plasmid-free populations are sensitive to the antibiotics. In these cases, ghost effect 203 

takes place when the plasmid abundance reaches ~100%. However, numerical simulations 204 

(Methods) suggest antibiotic-induced ghost effect can happen without community purity (Fig. 4 205 

c & d) in the presence of niche partition. For instance, consider a mixed population of plasmid-206 

free strain 1, plasmid-carrying strain 1, and non-host strain 2 (Methods). In the simple case where 207 

(1) strain 1 and 2 do not interact and (2) strain 2 has moderate resistance to the antibiotic, the 208 

non-host strain 2 can survive the antibiotic selection, limiting the plasmid abundance to < 100%. 209 

However, ghost effect can still happen within the purified strain 1 population, resulting in the 210 

prolonged carriage of the plasmid in the two-member community (Fig. 4c & d). In essence, as 211 

long as the plasmid-carrying population is approaching purity in a niche, ghost effect should take 212 

place. Since natural microbiomes often have niche partition, with different species exhibiting 213 

natural or acquired resistance, we expect general applicability of ghost effect following antibiotic 214 

treatments, even when the plasmid or resistance abundance does not reach 100%. 215 

 216 

 To test this idea, we constructed three communities consisting of 8 isolates from Duke 217 

Hospital sink p-traps41 (Methods), plasmid-free and plasmid-carrying E. coli MG1655 with one of 218 

the three non-mobilizable plasmids (pSC101, colE1 and pUC) expressing sfGFP as a surrogate 219 

for their abundance. The sink isolates consist of one Pseudomonas aeruginosa strain, three 220 
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Bacillus trains, one Citrobacter strain, and three Enterobacter strains (Fig. 4e). To facilitate niche 221 

partitioning, we used cellulose sponges immersed in LB media to create porous, physically 222 

partitioned habitats (Fig. 4e), which were previously found to promote the diversity of microbial 223 

communities42.  224 

 225 

In the absence of antibiotic selection, the GFP/OD level (Methods) dropped rapidly to 226 

below 102. After transient Kan or Spec selection between day 1 and 2, GFP levels were increased. 227 

pSC101 showed slowed decay in GFP/OD level, while colE1 and pUC persisted until day 10 (Fig. 228 

4 f – h). This is consistent with our observations of the three plasmids in clonal populations (Fig. 229 

1, Fig. S1). Importantly, for plasmids colE1 and pUC, the GFP/OD levels were consistently below 230 

the baseline in pure plasmid-carrying MG1655 populations.  231 

 232 

Through 16S sequencing (Methods), we quantified community dynamics in the presence 233 

and absence of the transient antibiotic treatment (Fig. 4 i – k). On day 2, in the absence of 234 

antibiotics, P. aeruginosa and Enterobacter became dominant in the communities, with the other 235 

three genera decreasing in their fractions or even become undetectable in some of the replicates. 236 

Antibiotic treatment increased the abundance of the two resistant strains, E. coli and P. 237 

aeruginosa, and eliminated the rest of the community. The survival of P. aeruginosa confirms that 238 

the communities do not purely contain plasmid-carrying cells, but a ghost effect within the E. coli 239 

population still takes place. Consistent with the GFP/OD reading of pSC101, P. aeruginosa was 240 

detectable in one of the three replicate communities harboring pSC101, potentially due to the 241 

stochastic effect of high dilution rate (2×107) during daily passaging. 242 

 243 

In LB cultures without cellulose sponges, the GFP/OD levels of the communities after 244 

antibiotic treatment became comparable to the pure plasmid-carrying baselines (Fig. S7) and 245 

exhibited slowed-down decay in comparison to the antibiotic-free control group. Since the 246 
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plasmids are non-mobilizable, the post-treatment communities likely consisted primarily of E. coli. 247 

In contrast, the survival of P. aeruginosa should be attributed to the presence of sponges, which 248 

possibly introduces spatial structures to mediate the competition42 and promote biofilm formation43. 249 

 250 

Discussion 251 

Resistance limits the clinical efficacy of antibiotic treatments and poses a major threat to 252 

human health. Many antibiotic resistance genes are maintained and propagated by mobile genetic 253 

elements including plasmids1-3. Understanding and predicting the persistence of plasmids is 254 

critical for designing intervention strategies to contain and reverse the spread of AMR. In this work, 255 

we systematically quantified the decay dynamics of multiple plasmids across different community 256 

contexts, and established their dependence on community structure. We showed that the plasmid 257 

half-life drastically increases in nearly pure plasmid-carrying populations, either from assembly or 258 

induced by transient antibiotic pulse. Theoretically, this ghost effect arises from the decrease in 259 

the strength of growth competition when plasmid-free cells are scarce in the population.  260 

 261 

Our results reveal a common mechanism underlying slow reversal of plasmid-mediated 262 

resistance after antibiotic treatments, a phenomenon that spans across microbial ecosystems 263 

ranging from the human oral, urinary, and gut microbiomes, to those of livestock. Macrolide 264 

antibiotics have been reported to increase the abundance of resistant streptococci (primarily 265 

carrying mef gene or macrolide-lincosamide-streptogramin-B resistant cassette erm(B)) in oral 266 

microbiomes to more than 80%, which required over 6 months to revert to baseline9. The authors 267 

attributed this prolonged resistance carriage to the long half-life of azithromycin, and the low 268 

burden of the erm(B) gene. Similarly, veterinary β-lactams strongly amplified the abundance of 269 

resistant bacteria in the pig intestinal microbiome, persisting for more than 3 weeks beyond the 270 

drug withdrawal. The extended-spectrum β-lactamase CTX-M-1 was carried by both an 271 
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exogenous conjugative plasmid and indigenous gut microbiota. Consistent with our results (Fig. 272 

3, Fig. S5), the authors observed the significant amplification of resistance abundance and donor 273 

abundance upon antibiotic selection, followed by rapid decline of the donor strain abundance after 274 

antibiotic withdrawal. Importantly, both the erm(B) cassette 13-17 and the CTX-M-1 gene18,19 are 275 

commonly found on conjugative plasmids and other mobilizable gene elements. Yelin et al. 276 

reported that resistance in urinary tract infections shows autocorrelation lasting more than six 277 

months, with strong and persistent correlation between patients’ antibiotic purchase history and 278 

subsequent resistance12. Anthony et al. observed increases in the abundance of β-lactam, 279 

macrolide, and tetracycline resistance following treatment with cephalosporin (β-lactam), 280 

azithromycin (macrolide), or both10. During the development of the infant gut microbiome, 281 

resistance genes on mobile genetic elements were found to persist longer than those encoded 282 

on chromosomes11. The diversity of antibiotics, resistance genes, bacterial host, and ecosystems 283 

all point to a general population-dynamical mechanism. As the ghost effect depends only on the 284 

slow time scale of segregation loss, it offers a potential explanation for these observations.  285 

 286 

 While our work focuses on the population dynamics of the plasmids, the ghost effect also 287 

has strong evolutionary consequences. Prolonged plasmid carriage enables co-evolution of the 288 

plasmid and host, creating opportunities for compensatory mutations. Long-term co-evolution 289 

could ameliorate the burden of the plasmid20, and may even turn the deleterious cost of plasmid 290 

carriage to a beneficial one22. Thus, despite predictions that certain plasmids should not persist 291 

based on ecological models24,27, their long-term persistence may occur before eventual extinction. 292 

In our experiments, we observed potential evolutionary rescues for colE1 and pUC starting at high 293 

initial plasmid abundances (Fig. S1), which was not observed in populations outside of the ghost 294 

effect region. Therefore, plasmid persistence can have bistable outcomes when evolution forces 295 

are taken into consideration. 296 

 297 
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The antibiotic-induced persistence also provides an environment-driven explanation for 298 

the survival of burdensome plasmids, addressing the so-called plasmid paradox7. Previous 299 

studies have attributed plasmid survival to biotic factors, such as fast conjugation24,25,44, variable 300 

fitness effects across different hosts23, spatial partitioning45, and compensatory mutations that 301 

ameliorates the plasmid burden20,22. These works typically assume constant environments, 302 

without positive selections on the plasmids. However, plasmids in natural and clinical settings 303 

experience fluctuating selection forces46-50. In such cases, the burdensome plasmids can persist 304 

when the frequency of positive selection is on the same order of magnitude as the plasmid half-305 

life within the ghost effect region. This mechanism further raises questions about the efficacy of 306 

simply reducing antibiotic use to contain AMR6 – similar persistence can be achieved with far less 307 

amount of antibiotics with sporadic selection. Conversely, pulsed antibiotic treatments has been 308 

proposed as a strategy to constrain the development of resistance51-55. Such strategies should be 309 

designed to avoid the ghost effect region to prevent slow population responses that 310 

disproportionally favor resistant bacteria.  311 

 312 

 The clinical, ecological, and evolutionary implications of ghost effect underscore the need 313 

for strategies that counteract against unintended antibiotic exposure. Previous studies have used 314 

chemicals to reduce plasmid abundance and reverse its persistence24,56. As both plasmid 315 

abundance and half-life are governed by conjugation, growth, and segregation events27, we 316 

hypothesize that these chemicals could also accelerate plasmid decay. We found that curing 317 

chemicals and their combinations were able to reduce the half-life of pSC101 almost by half (Fig. 318 

S8). A single day of treatment using chemical combinations achieved comparable effects as full 319 

course, suggesting these chemicals may accelerate the plasmid decay by increasing segregation 320 

error. 321 

  322 
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 Overall, our work established the timescale decoupling between segregation loss and 323 

growth competition for burdensome plasmids and demonstrated the disproportionate impact of 324 

transient antibiotic pulses on the plasmid persistence.  Our findings provide a generalizable 325 

mechanism for the prolonged ecological memory of plasmid carriage following antibiotic exposure, 326 

and have implications for clinical management of antibiotic use and the ecology and evolution of 327 

plasmids. 328 
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 534 

Figure 1. High plasmid abundance nonlinearly increases plasmid half-lives. 535 

(a). Plasmid abundance decreases through two processes operating on different time 536 

scales, slow segregation loss of the plasmid (pink) and rapid out-competition of plasmid-537 

carrying cells by plasmid-free cells (purple).  538 

(b). Simulated time series of plasmid abundance decay. When starting from high initial 539 

abundance P0% (teal: 100%, orange: 99%), plasmid abundance exhibits biphasic 540 

decay, with the slow phase driven by segregation loss (pink arrow) followed a faster 541 

phase driven by growth competition (purple arrow) later. When starting from lower P0% 542 

values (dusty blue: 90%, pink: 50%, and lime green: 20%), the plasmid abundance 543 

follows exponential decay. 544 
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(c). Dependence of plasmid half-life 𝜏!/# on the initial abundance P0%. The scatter 545 

points represent simulation results; the curve shows the best fit to Eq. (1) in Methods. 546 

(d). Time series of average pSC101 plasmid abundance decay (mean ± SE, n = 3) in E. 547 

coli MG1655 across different P0% (teal: 100%, orange: 99%, dusty blue: 90%, pink: 548 

50%, and lime green: 20%). 549 

(e - g). Dependence of plasmid half-life 𝜏!/# (mean ± SE, delta method) on the initial 550 

abundance P0% for non-mobilizable plasmids (e) pSC101, (f) colE1, and (g) pUC. 551 

Curves connect the median half-lives at each given initial abundance P0%. Right-552 

censored datapoints (𝜏!/#	 > 12 days) are shown without error bar. 553 

(h & i). Dependence of plasmid half-life 𝜏!/# (mean ± SE, delta method) on the initial 554 

abundance P0% for conjugative plasmids (h) pCU1 and (i) R6K. Curves connect the 555 

median half-lives at each initial abundance P0%. Right-censored datapoints (𝜏!/# > 25 556 

days) are shown without error bar. 557 

  558 
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 559 

Figure 2. A transient antibiotic pulse prolongs plasmid persistence by inducing 560 

ghost effect. 561 

(a). In a mixed population containing both plasmid-carrying and plasmid-free cells 562 

(purple), an antibiotic purifies the population by eliminating the plasmid-free cells, 563 
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moving the population into the ghost state (orange), and extending the half-life of 564 

plasmid decay (right). 565 

(b – d). Time series of average plasmid abundance (mean ± SE, n = 3) for non-566 

mobilizable plasmids (b) pSC101, (c) colE1, and (d) pUC under different selection 567 

strength. Between day 2 and 3 (grey), antibiotics were applied at different 568 

concentrations to induce varying levels of ghost effect. Three representative conditions 569 

are shown here, corresponding to no antibiotic treatment (circle), 1/32 × 50 μg/mL 570 

(triangle), and 50 μg/mL (square). pSC101 and colE1 populations were treated with 571 

Kan, and pUC populations were treated with Spec. 572 

(e – g). Dose-dependence of plasmid half-lives 𝜏!/# (mean ± SE, delta method) on the 573 

pulsed antibiotic concentration for (e) pSC101, (f) colE1, and (g) pUC. Right-censored 574 

datapoints (𝜏!/# > 17 days) are shown without error bar. 575 

  576 
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 577 

Figure 3. Antibiotic pulse induces prolonged plasmid carriage in synthetic E. coli 578 

communities.  579 

(a – c). Plasmid abundance (mean ± SE based on technical triplicates of selective 580 

plating) over time for (a) R388 in Comm87, (b) R6K in Comm60, (c) pCU1 in Comm 60. 581 

Purple curves: communities were passaged daily at 1:100 dilution ratio in LB 582 

supplemented with 100 μg/mL Carbenicillin (Comm87, a) or 25μg/mL Chloramphenicol 583 

(Comm57, b & c). Orange curves: communities were treated with an additional 584 

antibiotic pulse between day 2 and 3 (grey bar) to select for the plasmid-carrying 585 

populations (R388: 10 μg/mL Trimethoprim, R6K: 100 μg/mL Streptomycin, pCU1: 100 586 

μg/mL Carbenicillin). 587 
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(d - f). Antibiotic pulses extended plasmid half-lives (mean ± SE, delta method) for (d) 588 

R388 in Comm87, (e) R6K in Comm57, (f) pCU1 in Comm57. Right-censored 589 

datapoints (𝜏!/# > 17 days) are shown without error bar. For hypothesis testing, half-590 

lives for R6K in the pulsed group (+Strp) were taken as 𝜏!/# = 17 days. (d) Average half-591 

life of R388 after Trim treatment was significantly higher than in LB group: 27.3 ± 1.7 592 

(SD, n = 3) vs 2.2 ± 0.4 (SD, n = 3) days. Welch’s t-test: t(2.21) = 24.91, p<0.001, mean 593 

difference = 25.1 [95% CI: 21.1, 29.1], Cohen’s d = 20.34. (e) Average half-life of R6K 594 

after Trim treatment was significantly higher than in LB group: 17.0 ± 0.0 (SD, n = 3) vs 595 

4.4 ± 0.1 (SD, n = 3) days. Welch’s t-test: t(2.00) = 190.56, p<0.001, mean difference = 596 

12.6 [95% CI: 12.4, 12.9], Cohen’s d = 155.59. (f) Average half-life of pCU1 after Trim 597 

treatment was significantly higher than in LB group: 9.9 ± 0.9 (SD, n = 3) vs 1.0 ± 0.1 598 

(SD, n = 3) days. Welch’s t-test: t(2.01) = 16.50, p=0.004, mean difference = 8.8 [95% 599 

CI: 6.5, 11.1], Cohen’s d = 13.47. In the figures, **: p < 0.01, ***: p < 0.001.  600 

(g & h). Plasmid abundance (mean ± SE based on technical triplicates of selective 601 

plating) over time for (g) R388 and (h) RP4 in Comm60. Antibiotic pulsing induced 602 

alternative steady state for plasmid persistence. Purple curves: communities passaged 603 

daily at 1:100 dilution ratio in LB supplemented with 25μg/mL Chloramphenicol. Orange: 604 

communities were treated with additional antibiotic pulse between Day 2 and 3 (grey 605 

bar) to select for the plasmid-carrying populations (R388: 10 μg/mL Trimethoprim, RP4: 606 

10 μg/mL Tetracycline). 607 

(i). Strain-level community dynamics (mean ± SE, n = 3) of Comm87 without (left) or 608 

with (right) 1-day of Trimethoprim treatment. The five most abundant strains (based on 609 
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cumulative relative abundance across samples) are color-coded. Strain 1 corresponds 610 

to the donor strain carrying plasmid R388. 611 

(j). Change in the relative abundance of the donor strain (Δ donor) before (day 2) and 612 

after (day 3) the antibiotic pulse. Bars represent mean ± SE (n = 3). Welch’s t-test, **: p 613 

< 0.01, ***: p < 0.001. 614 

  615 
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 616 

Figure 4. Ghost effect in niche partitioned communities. 617 

(a & b). Microbes co-exist through partitioning of resource or habitat. 618 

(c). Change in the community composition over time for a mixed population of two 619 

strains (green and purple) with complete niche partitioning (no interaction). Orange 620 

shading indicates the plasmid-carrying fraction of strain 1 (green). The community 621 

experienced selection for the plasmid-carrying cells between day 2 and 3 (gray bar). 622 

(d). Plasmid abundance over time with (orange) and without (purple) 1-day antibiotic 623 

selection (gray bar) for the plasmid. The ghost effect occurs without plasmid abundance 624 

reaching P% = 100%. 625 

(e). Microbial communities containing plasmid-free and plasmid-carrying E. coli MG1655 626 

and eight sink isolates were cultured in LB media with sponge-imposed structure. 627 
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Genus-level taxonomies of the eight sink isolates are shown. The isolates include one 628 

Pseudomonas strain (P. aeruginosa), three Bacillus strains, one Citrobacter strain, and 629 

three Enterobacter strains (including one strain identified as E. cloacae). Strains are 630 

color-coded by genus correspondingly as in (i – k). Three plasmids (pSC101, colE1, 631 

and pUC) were separately cultured in three independent communities. 632 

(f – h). Time series of GFP/OD for GFP-encoding plasmids pSC101, colE1, and pUC. 633 

Purple: communities were passaged daily at 1:2×107 dilution ratio in sponges immersed 634 

in LB. Orange: communities were treated with additional antibiotic pulse between day 1 635 

and 2 (grey bar) to select for the plasmid-carrying populations (pSC101 and colE1: 50 636 

μg/mL Kanamycin, pUC: 50 μg/mL Spectinomycin). Green bar: mean ± SE GFP/OD for 637 

E. coli MG1655 carrying the corresponding plasmid (n = 3). Error bars indicate 638 

propagated measurement uncertainties (per-well SD). 639 

(i – k). 16S-resolved community dynamics between day 0 (D0) and day 2 (D2) (n = 1 for 640 

day 0, mean ± SE, n = 3 for other samples). After the antibiotic pulse, the communities 641 

were dominated by E. coli and P. aeruginosa. Due to limited taxonomic resolution of 642 

16S sequencing, E. coli was assigned as Escherichia-Shigella, here we denote it as 643 

Escherichia. Taxa with maximum relative abundance < 1% across all samples are not 644 

shown. 645 
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