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Abstract  21 

The current epidemic of antibiotic resistance has been facilitated by the wide and rapid 22 

horizontal dissemination of antibiotic resistance genes (ARGs) in microbial communities. 23 

Indeed, ARGs are often located on plasmids, which can efficiently shuttle genes across diverse 24 

taxa. While the existence conditions of plasmids have been extensively studied in a few model 25 

bacterial populations, their fate in complex bacterial communities is poorly understood. Here, 26 

we coupled plasmid transfer assays with serial growth experiments to investigate the 27 

persistence of the broad-host-range IncP-1 plasmid pKJK5 in microbial communities derived 28 

from a sewage treatment plant. The cultivation conditions combined different nutrient and 29 

oxygen levels, and were non-selective and non-conducive for liquid-phase conjugal transfer. 30 

Following initial transfer, the plasmid persisted in almost all conditions during a 10-day serial 31 

growth experiment (equivalent to 60 generations), with a transient transconjugant incidence up 32 

to 30%. By combining cell enumeration and sorting with amplicon sequencing, we mapped 33 

plasmid fitness effects across taxa of the microbial community. Unexpected plasmid fitness 34 

benefits were observed in multiple phylotypes of Aeromonas, Pseudomonas and 35 

Enterobacteriaceae, which resulted in community-level plasmid persistence. We demonstrate, 36 

for the first time, that plasmid fitness effects across community members can be estimated in a 37 

high-throughput way without prior isolation. By gaining a fitness benefit when carrying 38 

plasmids, members within complex microbial communities might have a hitherto unrecognized 39 

potential to maintain plasmids for long-term community-wide access. 40 

 41 
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Introduction 42 

Plasmids - extrachromosomal replicons - can support rapid bacterial adaptation by moving 43 

genes between phylogenetically diverse bacteria, a process known as horizontal gene transfer 44 

[1]. This is particularly important in the case of antibiotic resistance, where acquisition of 45 

plasmid-borne antibiotic resistance genes (ARGs) can instantly render a strain impervious to 46 

antibiotic treatment [2]. The current global antibiotic resistance crisis has been largely 47 

attributed to plasmid mediated ARG dissemination [3]. 48 

 49 

Strategies to combat the antibiotic resistance epidemic therefore require an understanding of 50 

the mechanisms that underlie plasmid fate in microbial communities. Upon entering a 51 

microbial community, a plasmid will only persist if its original or secondary hosts 52 

(transconjugants) survive. If it persists, it will constitute a long-term reservoir of auxiliary 53 

genes for that community. In fact, persistence of IncP-1 plasmids or their derivatives has 54 

recently been observed in ex situ communities like anaerobic sludge microcosms [4] and 55 

artificial multi-species system [5] over periods longer than 10 days, as well as in murine gut 56 

microbiota experiments [6]. However, by simply interpreting plasmid persistence as the 57 

frequency of plasmid occurrence, these observational studies did not explicitly examine the 58 

mechanisms that underly plasmid persistence. Therefore, we are currently far from able to 59 

predict plasmid fate in a microbial community. 60 

 61 

In contrast to our limited understanding of plasmid persistence at the community level, the fate 62 

of plasmids at the population level has received much more attention. There, theoretical and 63 

empirical studies have demonstrated that the conditions for plasmid persistence are governed 64 

by the interplay of segregational loss, conjugal transfer, and the effect of the plasmid on host 65 

fitness [7–9]. The rates of these processes depend on the plasmid, the host, and the 66 

environmental conditions, likely in a complex manner. First, although partitioning mechanisms 67 

exist to ensure ordered plasmid segregation prior to cell division [10], plasmid loss due to 68 

vegetative growth can typically be detected [7]. Second, plasmid carriage often imposes a 69 

reduction in fitness to the host [11]. Therefore, in the absence of mechanisms countering their 70 

segregation loss and fitness burden, plasmids would eventually be removed from bacterial 71 

populations. Plasmid persistence in a population thus requires one or both of two mechanisms: 72 

fitness cost amelioration and horizontal transfer [9]. 73 

 74 
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In the majority of long-term cultivation experiments, plasmid persistence is associated with a 75 

reduction in the burden of plasmid carriage through adaptation [9]. This weakens the strength 76 

of purifying selection against plasmid carriage, and therefore reduces the rate at which plasmids 77 

are removed from the population. For example, by experimentally evolving Pseudomonas 78 

fluorescens carrying a high-fitness-cost plasmid, Harrison et al. observed amelioration of the 79 

cost-of-carriage across a wide gradient of environmental conditions even without positive 80 

selection for plasmid carriage [12]. Recent studies on the genetic basis underlying such 81 

adaptations among different plasmid-host pairs, suggest that poor plasmid persistence can be 82 

caused by a high cost involving helicase-plasmid interactions, which can be rapidly ameliorated 83 

[13]. Another explanation for plasmid persistence within a population is conjugal transfer. In 84 

contrast to conjugation-deficient pKJK5 derivatives, the ability of the original plasmid to 85 

conjugate played an essential role in its stable maintenance in populations of  Escherichia coli 86 

and Kluyvera sp. [14,15]. More recently, Lopatkin et al. [16] experimentally demonstrated that 87 

transfer rate of common conjugative plasmids, was indeed necessary and sufficient to maintain 88 

plasmids in an E. coli population. 89 

 90 

Detailed investigations of plasmid fate have been limited to pure or defined cultures of isogenic 91 

or closely related strains of a few model species. Such research on species like P. putida and 92 

E. coli have confirmed the notion that plasmid persistence is strain dependent [17–19]. Strains 93 

of P. putida can differ largely in their ability to maintain the IncP-1 plasmid pB10 [20,21]. In 94 

Klebsiella pneumonia,  carrying plasmid pKP33 did not induce any burden for one strain, but 95 

the fitness of another strain was significantly reduced  [19]. Yet, the cause of this inter-strain 96 

variability are currently unknown and our ability to identify them is likely limited by the fact 97 

that testing single strains is labour intensive.  98 

 99 

Since most bacteria exist within complex communities of hundreds to thousands of species, 100 

plasmid persistence is ideally examined within this context. Population-level experiments 101 

ignore the complex interactions within communities, which prevents inferring plasmid fate in 102 

communities. For example, interspecies transfer enabled persistence of plasmid pQBR57 103 

which would have been impossible within a single population [22]. Besides, multi-level 104 

ecological dynamics play a role in a community, since fitness differences do not only exist 105 

between plasmid-free and plasmid-bearing cells within  population of singular strains, but also 106 

between strains. Therefore, a plasmid can be lost because of low intrinsic fitness of its hosts or 107 

even merely because of ecological drift. 108 
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 109 

Previous work on community permissiveness (i.e., the ability to take up a plasmid from an 110 

exogenous donor strain) has revealed that IncP-1 plasmids can readily be transferred to diverse 111 

members of complex environmental communities [23–25]. However, it is not clear to what 112 

extent the communities can maintain the plasmid and in which way the individual members 113 

can contribute to community-level plasmid persistence. 114 

 115 

By coupling permissiveness assays using a gfp-tagged plasmid with serial growth experiments, 116 

we monitored the persistence of the IncP-1 plasmid pKJK5 not only at the community level 117 

but also at the level of individual phylotypes to identify the relative importance of the processes 118 

acting on plasmid persistence and how they vary across phylotypes. To reduce complexity, we 119 

chose conditions where conjugal transfer is limited and thus where segregation (in)stability, 120 

plasmid fitness effects, and competition between phylotypes would drive plasmid fate. We 121 

identified that plasmid fitness benefits in multiple phylotypes played an essential role in 122 

community-level plasmid persistence. 123 

Materials and Methods 124 

Donor strain and recipient microbial community 125 

E. coli MG1655 carrying pKJK5, an IncP-1 conjugative plasmid that confers resistance to 126 

tetracycline and trimethoprim, was used as donor (further denoted E. coli (pKJK5)). The 127 

plasmid is marked with gfpmut3b under the control of a LacIq repressible promoter PA1O4O3 128 

[23]. The donor strain was chromosomally tagged with a constitutively expressed lacIq and 129 

mCherry using the mini-Tn7 tagging system [23]. Therefore, plasmid-encoded gfp expression 130 

is repressed in the donor strain, but de-repressed following successful transfer to a recipient 131 

strain. As a result, recipients that acquire the plasmid can be quantified and retrieved as green 132 

fluorescent cells by fluorescence-activated cell sorting (FACS). The donor strain was cultured 133 

overnight in LB medium supplemented with tetracycline, harvested by centrifugation and 134 

washed in 0.9% NaCl solution. Cell density was adjusted to 3.0  107 cells per ml by direct 135 

measurement in a Thomas counting chamber, and used in filter mating assays as described 136 

previously [26]. Activated sludge (microbial biomass) grab samples were collected from a 137 

municipal wastewater treatment plant (WWTP) (Mølleåværket, Lyngby-Taarbæk, Denmark) 138 

in March 2018, then transported refrigerated to the laboratory and processed immediately. 139 

Bacteria were extracted from 50 ml activated sludge by washing (centrifuging at approx. 5000 140 
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g for 10 min, carefully removing supernatant and resuspending the pellet in 0.9% NaCl) and 141 

sonication (500 J for 4 min at 50% duty cycle). After 10 min quiescent settling, 5 ml supernatant 142 

was used for counting and adjusting to 3.0  107 cells per ml before filter mating assays. 143 

Filter mating assay and serial growth experiment 144 

As the activated sludge microbial community is a mixture of enteric and non-enteric bacteria 145 

with distinct growth condition preferences, we used two media in both filter mating and serial 146 

growth experiments to selectively enrich the two community fractions (Fig. S1).  MacConkey 147 

(MC) medium and synthetic wastewater (SW) [27] medium were used to favour enteric and 148 

non-enteric bacteria, respectively. In addition, we set low (100RPM) and high (500RPM) 149 

stirring rates to vary the degree of oxygen transfer during the serial growth experiment. The 150 

high stirring rate was sufficient to ensure fully oxic conditions while the low stirring rate would 151 

result in oxygen-limited to anoxic growth in the substrate rich medium (hereafter 500RPM and 152 

100RPM are referred to as oxic and anoxic conditions). Initial plasmid transfer in the activated 153 

sludge community was facilitated via filter mating assays. Donor and recipient suspensions of 154 

3.0  107 cells per ml were mixed at 1:1 ratio (for matings on SW medium) or 1:5 ratio (for 155 

matings on MC medium, to compensate for the selectivity of MC media for enterobacteria), 156 

and immediately filtered onto a 0.2 µm track-etched membrane (Whatman CycloporeTM, UK). 157 

Filters were placed on agar-solidified (15 g/l) SW or MC medium. After 48 h incubation at 158 

25 °C, cells from triplicate filters were combined in 2 ml 0.9% NaCl solution and detached by 159 

vortexing at 3000 RPM for 3 min. Cell number was adjusted to 3.0  107 cells to initiate serial 160 

growth in 50 ml Erlenmeyer flasks containing 15 ml of appropriate media. The serial growth 161 

experiments were run in triplicate for 10 days under one of four combinations of media type 162 

and stirring rate (i.e., SW100, SW500, MC100 and MC500), without antibiotic selection. Daily, 163 

1% of each culture was transferred to a new flask carrying fresh medium, ensuring growth of 164 

about 6 generations per day. Control experiments were run in parallel to assess the potential 165 

for plasmid transfer during the serial growth experiment. To this effect, donor and recipient 166 

cells were separately grown on filters (on either SW or MC medium) for 48 h at 25 °C. Then 167 

donor and recipient cells were mixed directly in flasks with liquid growth media; triplicate 168 

flasks were subjected to serial growth and treated exactly as the experimental groups under the 169 

four conditions. 170 
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Cell sorting and 16S rRNA gene amplicon sequencing 171 

Throughout the serial growth experiment, the relative abundance of donor, recipient and 172 

transconjugant cells were quantified daily by FACS (BD FACSAria III, USA) with the same 173 

gate settings as for sorting (see below). At selected time points during the serial growth 174 

experiment (day 2, 4, 6, 8 and 10), cell fractions were also subject to sorting and 16S rRNA 175 

gene amplicon sequencing. Transconjugant and recipient cells were sorted using FACS settings 176 

as described earlier [23]. In all sortings, we targeted a minimum of 10,000 cells. Samples with 177 

low transconjugant cell fractions (< 0.1%) were not sorted, as those conditions would require 178 

excessive time to ensure purity. Sorted cells were concentrated by centrifugation, and subject 179 

to cell lysis and DNA extraction using GenePurgeDirectTM DNA releasing agent (NimaGen, 180 

NL). The hypervariable regions V3-V4 of the 16S rRNA gene were PCR amplified using 181 

primer set 341F (5’-CCTAYGGGRBGCASCAG-3’) and 806R (5’-182 

GGACTACHVGGGTWTCTAAT-3’) originally published by Yu et al [28]. and modified as 183 

described in Sundberg et al [29]. Tagging using loci-specific index primers for individual 184 

samples was done in a second PCR step. After purification using HighPrep PCR magnetic 185 

beads (MagBio, USA), sample-wise indexed PCR products were pooled in equimolar 186 

proportions and concentrated. Sequencing of pooled libraries was performed on a MiSeq 187 

platform using the v3 600 cycles sequencing kit in 300bp paired-end mode (Illumina, USA). 188 

Based on index sequences, samples were directly demultiplexed by Casava 1.8 (Illumina, USA) 189 

on the MiSeq instrument to produce the paired-end FASTQ files for sequencing analysis. 190 

Sequence data analysis 191 

The DADA2 pipeline based on amplicon sequence variants (ASV) was used for 16S rRNA 192 

gene amplicon sequence analysis [30]. Briefly, filtration and trimming (maxN=0, maxEE=2, 193 

truncQ=2) were performed to clean raw sequences, which then went through error learning, 194 

de-replication and merging. By discriminating biological sequences from sequencing errors, 195 

ASVs were then inferred. Taxonomy classification of chimera-free ASVs was done by 196 

searching against the SILVA non-redundant database (release 132) [31]. The generated 197 

sample-wise ASV abundance table was used for further analysis. Each ASV is hereafter 198 

referred to as a phylotype. Only ASVs with a relative abundance threshold above 0.1% were 199 

considered for downstream analysis to limit noise attributable to rare taxa. To better place the 200 

phylogeny of Aeromonas phylotypes, Aeromonas reference 16S rRNA gene sequences were 201 

retrieved from NCBI RefSeq database, and the V3-V4 region sequence was extracted using the 202 

same primer set (341F and 806R). The phangorn R-package [32] was used to construct a 203 
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phylogenetic tree, in which a neighbour-joining tree was used to fit maximum-likelihood model. 204 

Results were visualized using the R-package ggplot2 [33]. All sequences obtained in this study 205 

were deposited in NCBI under accession number PRJNA515836. 206 

Identification of the fate of plasmid at the phylotype level 207 

Flow cytometry allows to quantify the density of three pools of community members and sort 208 

them: the transconjugants (cells with green fluorescence only), the recipients (cells with green 209 

fluorescence or without fluorescence), and the initial donors (cells with red fluorescence only). 210 

The absolute abundance of each phylotype in the community was estimated by multiplying the 211 

cell densities of each pool by the relative abundance of the phylotype in the transconjugant or 212 

recipient pool based on the 16S rRNA gene amplicon sequencing. Phylotypes detected at least 213 

one time point in the transconjugant pool during any serial growth experiment were defined as 214 

permissive; phylotypes never detected in the transconjugant pools were defined as non-215 

permissive.  216 

 217 

The overall fitness of all permissive phylotypes relative to all recipient phylotypes was 218 

calculated by examining the temporal dynamics of the ratio of their absolute abundance 219 

(
abs. abundance of permissve phylotypes in recipient pool

abs. abundance of recipient pool
). A positive or negative slope of this time-220 

series ratio indicates an overall growth advantage or disadvantage of permissive phylotypes 221 

versus recipient phylotypes during the experiment, respectively.  222 

 223 

For each permissive phylotype, the temporal dynamics of the fraction of plasmid-bearing cells 224 

(transconjugants) is impacted by two processes (in the absence of its de novo formation by 225 

horizontal gene transfer): first, the positive or negative effect of the plasmid on the phylotype’s 226 

fitness relative to plasmid-free cells of the same phylotype; second, the segregation stability or 227 

loss of the plasmid. These two processes cannot be distinguished in our experiments. To 228 

quantify the two processes, the temporal dynamics of abundance of each transconjugant 229 

phylotype relative to the same phylotype in recipient pool 230 

(
abs. abundance of a transconjugant phylotype in transconjugant pool

abs.abundance of a transconjugant phylotype in recipient pool
) was examined. The slope 231 

(hereafter referred to as S+δ) of this ratio is the combined result of plasmid segregational loss 232 

and plasmid fitness effects. In order to minimize noise and identify true positive/negative S+δ, 233 

we only consider slopes biologically significant when they exceed 0.01 in absolute value. 234 
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Results 235 

Plasmids persisted in microbial communities for more than 60 generations despite of 236 

negligible horizontal transfer  237 

We created a range of environmental conditions to study plasmid persistence in complex 238 

microbial communities. The composition of the recipient pools derived from activated sludge 239 

and propagated under different conditions, became rapidly and significantly different (SW 240 

versus MC media, oxic versus anoxic) (PERMANOVA test on media and RPM effect, P-value 241 

< 0.001) (Fig. S2). The effect of mixing on community composition was the strongest in the 242 

MC medium, probably due to the oxygen-sensitivity of enterobacteria, which was also evident 243 

in the enrichment of lactose fermenting Enterobacteriaceae under anoxic condition compared 244 

to the oxic condition (see below). The MC medium colour changed to red under anoxic, but 245 

not under oxic conditions, confirming acid production associated with lactose fermentation. 246 

 247 

The plasmid persisted across all examined environmental conditions, except in anoxic 248 

conditions in MC media (Fig. 1). During the first three days in the SW medium, the 249 

transconjugant density increased from < 1% in the initial filter mating to 4-8% on the 3rd 250 

cultivation day. Subsequently, transconjugant densities decreased except for treatments 251 

SW100-1, SW500-2 and SW500-3, where a transient increase was observed (8-14%) before 252 

densities gradually decreased to low but stable levels (< 1%) on 10th day. In the MC medium, 253 

transconjugant densities increased from 18% of initial filter mating up to 30% on the 1st day. 254 

The degree of oxygen transfer had a consistent impact on transconjugant density in the MC 255 

medium, but not in the SW medium. The transconjugant densities decreased monotonically to 256 

undetectable in the anoxic (MC100) condition, while they increased transiently to 25% under 257 

oxic conditions (MC500) before gradually decreasing to  low levels (< 1%). 258 

 259 

During the serial growth experiments, the observed transconjugant cells must derive either 260 

from new plasmid transfer events from donors to recipient cells or from persistent 261 

transconjugant cells that were formed during the initial filter mating. We included a control 262 

experiment to measure the extent of plasmid transfer during the serial growth experiment. 263 

Donor cells decreased rapidly in both control and experimental groups (e.g., from >10% on 1st 264 

day to < 0.1% on 10th day) (Fig. S3 and S4). Transconjugant cells were absent in almost all 265 

control groups, except for 0.1% transconjugant density in MC media on the 1st day (Fig. S5). 266 

Hence, horizontal transfer of pKJK5 during the serial growth experiment was negligible. 267 
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Persistent transconjugants spanned multiple phylotypes 268 

While the recipient community diversity decreased through the experiment (e.g., Shannon 269 

index decreased from 4.0 to 2.0 in SW; from 3.0 to 1.7 in MC), substantial diversity remained 270 

by the end of the experiment (12 to 16 genera of 8 to 10 orders in SW; 7 to 14 genera of 5 to 6 271 

orders in MC (Fig. 2)).  272 

 273 

During the filter mating on SW medium, pKJK5 transferred to 29 genera (4 phyla) (Fig. 2A). 274 

This diversity of transconjugants eroded gradually during serial growth in SW liquid medium 275 

(Shannon index decreased from 3.8 to 2.0). The overall composition of transconjugant pools 276 

under oxic and anoxic conditions became distinguishable (PERMANOVA, P-value = 0.027). 277 

The temporal trend of transconjugant density differed among series possibly caused by distinct 278 

dynamic profiles among individual phylotypes. We indeed identified multiple phylotypes with 279 

absolute abundance highly correlated with the transconjugant density profile during serial 280 

growth experiment (r > 0.9, Pearson correlation), e.g., phylotypes in genera of Citrobacter and 281 

Enterobacter in SW100-1, Stenotrophomonas and Aeromonas in SW500-2 (Fig. S6). After 10 282 

days, 62 phylotypes in 9 to14 genera were detected across the transconjugant pools. A core of 283 

12 persistent phylotypes in 5 genera (Aeromonas, Aquamicrobium, Citrobacter, 284 

Elizabethkingia and Pseudomonas) were shared among all SW experiments (Fig. 3A). In each 285 

transconjugant pool, Aeromonas phylotypes became enriched (relative abundance > 50%) (Fig. 286 

S7). In total, 37 different Aeromonas phylotypes were detected in the recipient pools grown on 287 

SW, 12 of which persisted as transconjugants throughout at least one serial growth experiment 288 

(Fig. S8). These Aeromonas phylotypes spanned multiple species (Fig. S9), where the 289 

dominant ASV6 and ASV1 are closely related to the human opportunistic pathogens A. veronii 290 

and A. hydrophila [34], respectively.  291 

 292 

In MC medium, both transconjugant and recipient pools differed significantly from those that 293 

developed in SW medium during the 10-day experiment (Fig. 2B and Fig. S2). On MC medium, 294 

pKJK5 was initially transferred to 18 genera (2 phyla) in filter matings, mainly consisting of 295 

genera Citrobacter (48% relative abundance), Aeromonas (23%), and Pseudomonas (12%). In 296 

the serial growth experiment, transconjugant diversity continuously decreased, indicated by 297 

Shannon index decrease from 3.0 to 1.0. Oxygen conditions significantly affected the 298 

composition of transconjugant pools (PERMANOVA, P-value < 0.001). Several phylotypes 299 

had abundances that were strongly correlated (r > 0.9, Pearson correlation) with the observed 300 

dynamic profile of transconjugant density, such as Proteus and Providencia under oxic 301 
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condition (Fig. S6). Transconjugants of the Enterobacteriaceae family were more dominant 302 

under anoxic than oxic condition (89-96% and 56-98% versus 24-84% and 13-95% in recipient 303 

and transconjugant pools, respectively). Especially, in the transconjugant pool, genera of 304 

lactose-fermenting enterobacterial species (i.e., Escherichia, Enterobacter and Klebsiella) 305 

were transiently abundant under anoxic conditions (up to 47%), but they were always rare 306 

under oxic conditions (< 9%). At the end of the experiment, 31 transconjugant phylotypes in 307 

13 genera were detected, in which 8 core phylotypes in Enterobacteriales were shared across 308 

all treatments, including 3 Morganella phylotypes and 5 Providencia phylotypes (Fig. 3B). 309 

No general fitness deficit of permissive phylotypes relative to the rest of the community  310 

We noted an average 70% decrease in the richness of permissive phylotypes during all serial 311 

growth experiments (Fig. S10). In other words, (potential) plasmid hosts disappeared from the 312 

community because of insufficient fitness or ecological drift. For example, several 313 

Acinetobacter and Pseudomonas phylotypes, abundant at the start of the serial growth 314 

experiment in SW media, progressively and simultaneously became absent from both recipient 315 

and transconjugant pools. This process would have limited plasmid persistence if permissive 316 

phylotypes were lost faster than the rest of the community. The only condition where this might 317 

have been the case was MC100 (Fig. 4), although the slope is not significantly different from 318 

0 because only 3 data points are available. MC100 was indeed the condition where the plasmid 319 

failed to persist. In this case, strong selection against some permissive phylotypes contributed 320 

to the disappearance of transconjugants and thus to plasmid loss. Elsewhere, the permissive 321 

phylotypes appeared to decline equally or less rapidly than the rest of the community, with a 322 

similar effect of richness loss on recipient and transconjugant pools within a community thus 323 

a neutral or positive effect on plasmid persistence. 324 

 325 

As removal from the community is an extreme outcome of low fitness, we also compared 326 

average fitness of permissive and non-permissive phylotypes to look for an overall fitness 327 

differential. Across all experimental conditions, the average growth rate of permissive 328 

phylotypes was similar or higher compared to the rest of the community (no significantly 329 

negative slopes in Fig. S11). Thus, we  did not detect selection against the permissive fraction 330 

of the community. In fact, permissive phylotypes in Aeromonas, Elizabethkingia and 331 

Acinetobacter had a clear growth advantage, as their relative abundance increased from 30% 332 

to 80% through the serial growth experiment, which provided potential for plasmid 333 

maintenance. 334 
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Fitness benefit associated with plasmid carriage improved persistence in multiple 335 

phylotypes 336 

The presence of the same phylotype in the plasmid-free and plasmid-carrying fractions of the 337 

community gave us the opportunity to assess their relative dynamics and explore the cumulated 338 

effect (denoted as S+δ) of plasmid segregation stability/loss and plasmid-induced fitness 339 

benefit/burden at the phylotype level at high-throughput (Fig. 5). A positive value of S+δ 340 

indicates a net fitness benefit associated with plasmid carriage since the contribution of plasmid 341 

segregation effect can only be neutral or negative. In contrast, a zero to negative value of  S+δ 342 

makes it difficult to assess the strength and direction of the plasmid fitness effect because 343 

plasmid fitness burden/benefit and plasmid segregational stability/loss are indistinguishable in 344 

this study (e.g., S+δ = 0 can be caused by either (segregational loss + fitness benefit) or 345 

(segregational stability + no fitness effect)).  346 

 347 

Across different experimental conditions, we identified diverse S+δ profiles with both positive 348 

and negative values among transconjugant phylotypes (hereafter a phylotype under one specific 349 

experimental condition is indicated as ASVexpt, e.g., ASV1SW100-1) (Fig. 5A&B). In SW media 350 

more than half of the ASVexpts were without any negative plasmid effect (79 out of 132 351 

ASVexpts with S+δ  0, of which 25 with S+δ > 0). Especially, within the genus Aeromonas, 352 

there was no negative plasmid effect for 40 of 67 ASVexpts (S+δ  0), with obvious fitness 353 

benefit for 20 ASVexpts (S+δ > 0). In particular, three Aeromonas phylotypes (ASV9, ASV13 354 

and ASV42) showed fitness benefits in the majority of the serial growth experiments. In other 355 

genera like Pseudomonas, Delftia and Elizabethkingia, there were also a few phylotypes with 356 

neutral or even positive plasmid effects. In SW media, the plasmid had a similar effect on 357 

phylotypes irrespective of oxygen transfer conditions. However, in MC media, a neutral or 358 

positive plasmid effect was more often detected under oxic than anoxic conditions, e.g., 72% 359 

(22 out of 32) and 28% (6 out of 21) of  ASVexpts with S+δ  0 under oxic and anoxic conditions 360 

respectively. We identified 28 out of 53 ASVexpts with neutral (20 with S+δ = 0) or positive (8 361 

with S+δ > 0) plasmid effects in MC media. Overall, across experimental conditions in both 362 

SW and MC media, more than half (107 out of 185) of the examined ASVexpts maintained the 363 

plasmid without any negative plasmid effect, even several (33 out of 185) with fitness benefit 364 

(Fig. 5C).  365 
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Discussion 366 

We examined, for the first time, a complex environmental community to quantitatively monitor 367 

persistence of an IncP-1 plasmid pKJK5 among diverse taxa in serial growth experiments. 368 

Without any antibiotic pressure to select for transconjugants, we focused on the potential of 369 

the community to maintain the plasmid under different nutrient and oxygen conditions. We 370 

could discount the contribution of new transfer events to the plasmid fate, as supported by the 371 

negligible transfer of pKJK5 in the control experiments and consistent with the previously 372 

reported low transfer of pKJK5  in liquid conditions [15]. Indeed, Plasmids (IncP/N/W) with 373 

short and rigid pili only transfer efficiently on solid surfaces, unlike those with long and flexible 374 

pili (IncF/H/T/J), capable of transferring equally well in liquid and on solid surfaces [35,36]. 375 

 376 

We experimentally demonstrate community-level plasmid persistence across different 377 

environmental conditions in the absence of intentional selection for plasmid carriage and in the 378 

absence of significant de novo transfer. In SW and MC media, time-series profiles of 379 

transconjugant density and composition became significantly different. The role of the 380 

environment in shaping transconjugant composition became obvious, especially under oxic and 381 

anoxic conditions in MC media. In fact, earlier observations have consistently identified the 382 

importance of the environment in determining plasmid fate, by either setting up microcosm 383 

under different oxygen conditions (e.g., aerobic and anaerobic sludge reactors) [4] or 384 

manipulating other environmental factors (e.g., spatial structure or presence/absence of 385 

antibiotics) [5].  386 

 387 

By examining plasmid effects temporally across taxa in complex microbial communities, we 388 

dissected processes contributing to plasmid persistence within a community. We observed that 389 

a plasmid fitness benefit in multiple phylotypes contributed strongly to plasmid persistence at 390 

the community level. We expected plasmid pKJK5 to be a neutral or even detrimental extra-391 

chromosomal element for the fitness of its host, as the plasmid does not encode any apparent 392 

beneficial phenotypes. Although plasmid fitness cost amelioration are frequently observed in 393 

population-level studies over evolutionary time scale (> 500 generations), it can also appear as 394 

early as within 50 generations, such as the drastically improved stability of IncP-1 plasmid 395 

pBP136 in E. coli under non-selective conditions [37]. Out of those experiments on plasmid-396 

host compensatory coevolution, genomic changes frequently emerged within 100 generations 397 

[19,38]. Therefore, early genomic adaptations might have occurred improving plasmid fitness 398 

and persistence within the time-scale of the experiment. It is also possible that the microbial 399 
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community we used as potential recipients might already have been subjected to compensatory 400 

adaptation for hosting IncP-1 plasmids. Genomic and experimental studies have demonstrated 401 

a high prevalence of IncP-1 plasmids spanning all subgroups (IncP-1 α, β, γ, δ and ε) in WWTP 402 

systems [39–41]. If this were the case, community members already experiencing genetic 403 

interaction with IncP-1 plasmids might favour carrying cognate plasmids like pKJK5. If this 404 

could explain why pKJK5 might have caused minimal burden to some phylotypes, it does not 405 

explain why it would provide a fitness benefit. Further experiments with specific knockout 406 

mutant of the plasmid genes will likely be necessary to provide a molecular explanation.  407 

 408 

The wide range of S+δ values across phylotypes and conditions confirmed that the plasmid 409 

effect is a phylotype and context dependent feature. In fact, population-level studies have 410 

repeatedly revealed that plasmid effects are indeed determined by strain-specific factors 411 

[42,43]. We identify here, for the first time,  individual specific plasmid effect within a complex 412 

microbial community. Although the underlying mechanisms are not yet clear, the heterogenous 413 

plasmid effect observed in this study might be the overall result of phylotype-level specific 414 

compensatory adaptations, protective mechanisms, and/or regulatory networks. For example, 415 

as revealed in plasmid-host interaction in clinical isolates of K. pneumoniae and E. coli [19], 416 

differential adaptive evolutions among strains and species modifies the plasmid effect on hosts 417 

in various ways. 418 

 419 

Across the experimental conditions, plasmid persistence was especially observed in several 420 

phylotypes in the Aeromonas, Pseudomonas, Proteus and Providencia genera. In particular, 421 

several phylotypes of Aeromonas received fitness benefits from pKJK5 carriage under different 422 

experimental conditions. These genera have often been reported as carriers of antibiotic 423 

resistance plasmids in either environmental or clinical settings, such as plasmid mediated 424 

carbapenem- and colistin-resistance in Proteus and Providencia isolates. Recent studies have 425 

demonstrated the high potential of Aeromonas in carrying multidrug-resistance plasmids [44–426 

46], and in transferring plasmids in various environmental communities [23–25]. Given the 427 

ubiquitous presence of Aeromonas in aquatic environments [47,48], Aeromonas might play a 428 

significant role in facilitating transfer and maintenance of plasmid-mediated ARGs in 429 

environmental communities. 430 

 431 
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We demonstrated that complex microbial communities can maintain plasmids under non-432 

selective conditions, and phylotype-level plasmid fitness benefits significantly facilitate 433 

community-level persistence. To further understand the role of the community in modulating 434 

plasmid behaviour, the distinct mechanisms of plasmid-host interactions in communities 435 

compared with populations remain to be elucidated. 436 
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 571 

 572 

 573 

Figure legend 574 
 575 
Fig.1 Percentage of transconjugants  of a whole community and NMDS profile of microbial 576 

community composition (left: serial growth in SW; right: serial growth in MC). A. 577 

Transconjugant density detected by FACS (cells only with green fluorescence) of initial filter 578 

mating samples (0 day), daily samples through 10-day serial growth experiment (1-10 day). 579 

B&C. NMDS profile of microbial communities of recipient pools (B) and transconjugant pools 580 

(C) on 2nd, 4th, 5th, 6th, 8th and 10th day, stress and distance. 581 

 582 

Fig. 2 Diversity and absolute abundance of the dominant phylotypes in samples from filter 583 

mating and serial growth experiments on SW (A) and MC (B) media. Top: Shannon diversity 584 

index; middle: absolute abundance of the 20 most abundant genera; bottom: number of unique 585 

orders in SW samples (A), abundance of Enterobacteriales (with and without lactose 586 

fermenting ability) in MC samples (B). 587 

 588 

Fig. 3 Persistent genera in SW (A) and persistent phylotypes in MC (B) at the end of the serial 589 

growth experiment. Given the higher diversity observed in SW compared to MC, genus level 590 

results are presented for SW and phylotype level results for MC. Venn diagrams show shared 591 

and unique genera/phylotypes among groups. Phylogenetic trees show all persistent 592 

genera/phylotypes. Class names are used as label for SW, while genus names in 593 

Enterobacteriales order are used for MC. 594 

 595 

Fig. 4 Richness of permissive phylotypes relative to all recipient phylotypes over time series. 596 

A linear regression model was applied to estimate the temporal trend of the relative richness. 597 

Solid lines represent regression lines labelled with slope and P-value. Positive or negative slope 598 
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indicated slower or faster richness loss trends in permissive phylotypes compared to recipient 599 

phylotypes. 600 

 601 

Fig. 5 S+δ value profile in SW media (A), MC media (B) and all experimental groups (C). S+δ 602 

is an estimate of the combined plasmid fitness and segregation effects. -0.01 S+δ  0.01 or 603 

S+δ  < -0.01: neutral or negative plasmid effect; S+δ > 0.01: positive plasmid effect. P-values 604 

of slope: * < 0.5; ** < 0.1; *** < 0.01. Occurrence frequency of three S+δ group with negative, 605 

neutral and positive values in (A) and (B) are summarized in (C). 606 

 607 
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Figures 632 
 633 

 634 

 635 

Figure 1. Percentage of transconjugants  of a whole community and NMDS profile of microbial 636 

community composition (left: serial growth in SW; right: serial growth in MC). A. 637 

Transconjugant density detected by FACS (cells only with green fluorescence) of initial filter 638 

mating samples (0 day), daily samples through 10-day serial growth experiment (1-10 day). 639 

B&C. NMDS profile of microbial communities of recipient pools (B) and transconjugant pools 640 

(C) on 2nd, 4th, 5th, 6th, 8th and 10th day, stress and distance. 641 
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 666 

Figure 2. Diversity and absolute abundance of the dominant phylotypes in samples from filter 667 

mating and serial growth experiments on SW (A) and MC (B) media. Top: Shannon diversity 668 

index; middle: absolute abundance of the 20 most abundant genera; bottom: number of unique 669 

orders in SW samples (A), abundance of Enterobacteriales (with and without lactose 670 

fermenting ability) in MC samples (B). 671 
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 694 

Figure 3. Persistent genera in SW (A) and persistent phylotypes in MC (B) at the end of the 695 

serial growth experiment. Given the higher diversity observed in SW compared to MC, genus 696 

level results are presented for SW and phylotype level results for MC. Venn diagrams show 697 

shared and unique genera/phylotypes among groups. Phylogenetic trees show all persistent 698 

genera/phylotypes. Class names are used as label for SW, while genus names in 699 

Enterobacteriales order are used for MC. 700 
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 719 

Figure 4. Richness of permissive phylotypes relative to all recipient phylotypes over time series. 720 

A linear regression model was applied to estimate the temporal trend of the relative richness. 721 

Solid lines represent regression lines labelled with slope and P-value. Positive or negative slope 722 

indicated slower or faster richness loss trends in permissive phylotypes compared to recipient 723 

phylotypes. 724 
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 745 

Figure 5. S+δ value profile in SW media (A), MC media (B) and all experimental groups (C). 746 

S+δ is an estimate of the combined plasmid fitness and segregation effects. -0.01 S+δ  0.01 747 

or S+δ  < -0.01: neutral or negative plasmid effect; S+δ > 0.01: positive plasmid effect. P-748 

values of slope: * < 0.5; ** < 0.1; *** < 0.01. Occurrence frequency of three S+δ group with 749 

negative, neutral and positive values in (A) and (B) are summarized in (C).   750 
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