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Abstract 22 

Trade-offs between competition ability and invulnerability to predation are 23 

important mechanisms explaining how predation promotes bacterial diversity. 24 

However, existence of these trade-offs has apparently not been investigated in natural 25 

marine bacterial communities. Here, we address this question with growth-based 26 

measurements for each marine bacterial taxon by conducting on-board dilution 27 

experiments to manipulate predation pressure and using high-throughput sequencing 28 

to assess the response of bacterial communities. We determined that bacterial taxa 29 

with a higher predation-free growth rate were accompanied with higher predation-30 

caused mortality, supporting existence of competitiveness-invulnerability trade-off. 31 

This trade-off was stronger and more consistent under viral lysis than protist grazing. 32 

In addition, predation generally flattened out the rank-abundance distribution and 33 

increased the evenness and richness of the bacterial community. These findings 34 

supported the “Kill-the-Winner” hypothesis. All experiments supported a significant 35 

competitiveness-invulnerability trade-off, but there was substantial variation among 36 

bacterial communities in response to predation across experiments conducted in 37 

various sites and seasons. Therefore, we inferred that the Kill-the-Winner hypothesis 38 

is important but likely not the only deterministic mechanism explaining how 39 

predation shapes bacterial assemblages in natural marine systems.  40 
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Introduction 41 

Marine microbes, the foundation of marine food-webs, dominate biogeochemical 42 

cycles and regulate nutrient and energy flows in marine systems [1, 2, 3, 4, 5]. Also, 43 

microbial diversity is widely suggested as a critical index reflecting or determining 44 

marine ecosystem functioning [3, 5, 6]. Mechanisms shaping marine microbial 45 

diversity have been intensively studied, with an emphasis on abiotic mechanisms such 46 

as environmental productivity or hydrological factors [7, 8, 9]. Biotic mechanisms 47 

involving interactions within a community or across trophic levels are critical in 48 

shaping marine microbial diversity [10, 11, 12] but are relatively less explored.  49 

Niche trade-off, one of the most common biotic mechanisms essential for species 50 

coexistence [13, 14, 15, 16, 17], occurs when species specialize in a certain trait at the 51 

cost of another trait. Characterizing trade-offs in microbial species gives insights into 52 

mechanistic understandings of their community organization. However, our 53 

understanding is mostly confined to the trade-off between species’ ability to acquire 54 

various nutrients [17, 18]. Here, we view trade-off in another context, namely the 55 

trade-off between species’ competition ability and their invulnerability to predation 56 

(hereafter termed competitiveness-invulnerability trade-off).  57 

In microbes, the competitiveness-invulnerability trade-off is more widely known 58 

as the Kill-the-Winner hypothesis: competitively superior prey, the “winners,” have 59 

higher mortality caused by predation so that inferior competitors can escape from 60 

competition exclusion, thereby promoting species coexistence [15]. Competitive 61 

superiority can come from species’ high growth rates and/or their ability to maintain 62 

high abundance. For example, bacteria with high density of certain cell-surface 63 

receptors can also have higher cellular functions promoting rapid growth rate, but 64 

increased susceptibility to viral infection [19, 20]. In addition, developing growth-65 

competitive mechanisms would come at the cost of low predation avoidance or 66 

defensive mechanisms due to genetic constraints [15, 21]. The competitiveness-67 

invulnerability trade-off, or Kill-the-Winner hypothesis, is a mechanism to explain 68 

how predation can promote microbial diversity in the field [21, 22, 23, 24, 25]. 69 

However, there is apparently a lack of evidence in natural systems to demonstrate its 70 

occurrence and how it may affect marine bacterial diversity. 71 

In this study, we describe the competitiveness of bacteria as their predation-free 72 

growth rate (growth-based competitiveness) and initial density (density-based 73 
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competitiveness). Invulnerability to predation is regarded as a generic term including 74 

protist grazing and viral lysis, the major cause of mortality and selection forces 75 

affecting bacterial community diversity and composition [25, 26, 27, 28, 29]. 76 

Specifically, we coupled dilution experiments and high-throughput sequencing 77 

techniques to estimate the predation-free growth rate and the growth rate under protist 78 

grazing and viral lysis for each bacterial taxon. With these estimates, we tested the 79 

first hypothesis that bacteria’s competitiveness is negatively associated with their 80 

invulnerability to predation due to the occurrence of competitiveness-invulnerability 81 

trade-off in marine bacterial communities (Hypothesis I). Based on this hypothesis, 82 

we expect the bacterial taxon with a higher growth-based competitiveness, i.e., 83 

predation-free growth rate, would have higher mortality caused by protist grazing 84 

(Prediction 1) or viral lysis (Prediction 2). Furthermore, we also expect the bacterial 85 

taxon with higher density-based competitiveness, i.e., initial density, would have 86 

higher mortality caused by protist grazing (Prediction 3) and viral lysis (Prediction 4). 87 

Our second hypothesis is that due to the occurrence of competitiveness-88 

invulnerability trade-off, stronger predation pressure increases bacterial diversity 89 

(Hypothesis II). This is because predation should alleviate competitive exclusion by 90 

suppressing highly competitive species. To test this hypothesis, we examined how 91 

bacterial rank-abundance distribution, evenness and richness responded to increasing 92 

predation pressure, namely protist grazing, viral lysis, or both. Under the occurrence 93 

of competitiveness-invulnerability trade-off (where Hypothesis I is supported), we 94 

expected that higher predation pressures lead to a flattened rank-abundance 95 

distribution, higher evenness (lower dominancy by a small number of species in the 96 

community; Prediction 5) and higher richness (Prediction 6) of the bacterial 97 

community.   98 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 9, 2021. ; https://doi.org/10.1101/2021.10.09.463787doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.09.463787


5 

 

Results 99 

Competitiveness-invulnerability trade-off in marine bacterial community 100 

The bacterial predator-free growth rate was negatively correlated with its 101 

invulnerability to predation, regardless of under protist grazing or viral lysis, as 102 

shown in LMM analysis (both p < 0.001; Table 1). These results supported the 103 

occurrence of competitiveness-invulnerability trade-off driven by protist grazing and 104 

viral lysis, respectively (Prediction 1 and 2 supported). In addition, this trade-off was 105 

stronger under viral lysis than protist grazing (with LMM estimates regression slope = 106 

-0.11 and -0.027, respectively). The conclusion was generally the same when 107 

examining each experiment separately: Only five of seven experiments had a 108 

significant growth-based competitiveness-invulnerability trade-off under protist 109 

grazing; in comparison, this trade-off was apparent in all seven experiments when 110 

under viral lysis (Figure 1). The results of the permutation test also supported our 111 

conclusion (Table S3). Our findings indicated that viral lysis was a stronger and more 112 

consistent driving force on growth-based competitiveness-invulnerability trade-off 113 

than protist grazing. 114 

On the contrary, we did not identify a consistent relationship between density-115 

based competitiveness, i.e., initial density, and invulnerability to predation. LMM 116 

analysis across seven experiments indicated that bacterial initial density exhibited a 117 

significant positive correlation with the invulnerability to protist grazing (LMM-p 118 

<0.001, Table 1). However, when examining each experiment separately under protist 119 

grazing, there were only positive and no relationships (Figure 2 and Figure S4). 120 

Therefore, a density-based competitiveness-invulnerability trade-off under protist 121 

grazing was not observed in our system (Prediction 3 not supported). Despite a 122 

significantly negative correlation between density-based competitiveness and 123 

invulnerability to viral lysis in LMM (LMM-p <0.001) (Table 1), only three sets of 124 

experiments had the consistent and weak relationship (Pearson’s correlation 125 

coefficient =-0.07, -0.17, and -0.14, p value = 0.04, <0.001 and <0.001, for Figure 2h, 126 

2i and, 2m, respectively). Therefore, we were not able to make a clear conclusion of 127 

the existence of this density-based competitiveness-invulnerability trade-off under 128 

viral lysis (Prediction 4 not supported). 129 

 130 

Predation effect on bacterial diversity  131 
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Here, we explore how bacterial diversity responded to three types of predation 132 

pressures, respectively: (i) protists+viruses effect; (ii) protists effect; and (iii) viruses 133 

effect. The bacterial rank-abundance distribution (RAD) decay coefficient decreased 134 

(LMM-p <0.001) and evenness increased (LMM-p <0.001) when protists+viruses 135 

effect was increased. Similarly, when increasing only viruses effect, RAD decay 136 

coefficient decreased (LMM-p = 0.012) and evenness increased (LMM-p = 0.024). 137 

However, increasing only protists effect did not significantly change RAD decay 138 

coefficient and evenness (LMM-p = 0.335 and 0.237).  139 

Bacterial richness increased when protists+viruses effect increased (LMM-p = 140 

0.009) and when only protists effect was increased (LMM-p = 0.004). However, 141 

increasing only viruses effect did not change bacterial richness (LMM-p = 0.264). 142 

Therefore, Predictions 5 and 6 were only partially supported because protist grazing 143 

exhibited a more deterministic effect on bacterial richness whereas viral lysis had a 144 

major effect on bacterial RAD and evenness. When two predation pressures, i.e., both 145 

protist grazing and viral lysis, were combined, they increased bacterial diversity.  146 

 147 

Discussion 148 

The growth-based competitiveness-invulnerability trade-off in marine bacterial 149 

communities 150 

Bacterial taxa with a higher predation-free growth rate had higher predation-151 

caused mortality (Table 1 and Figure 1), indicating the presence of growth-based 152 

competitiveness-invulnerability trade-off in marine bacterial communities (supporting 153 

the Kill-the-Winner hypothesis). This finding was consistent with most studies 154 

inferring a possible competitiveness-invulnerability trade-off in marine microbes [22, 155 

23, 24, 25, 26, 45]. Here, apparently for the first time, we obtained growth-based 156 

estimates on each bacterial taxon in field experiments to further explore the existence 157 

of competitiveness-invulnerability trade-offs in marine bacterial communities. Our 158 

findings provided empirical evidence supporting the Kill-the-Winner hypothesis that 159 

has been widely regarded as an important mechanism determining marine microbial 160 

assemblages and the performance of many ecosystem functions, but hitherto rarely 161 

verified in natural marine systems.  162 

Furthermore, we inferred that viral lysis, and not protist grazing, was the major 163 

driver of the Kill-the-Winner mechanism in marine bacterial communities. This was 164 
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supported by a strong and consistent growth-based competitive-invulnerability trade-165 

off under viral lysis whereas this trade-off was weak or absent in some experiments 166 

when predation was contributed by protists grazing (Table 1 and Figure 1). Marine 167 

viruses are generally highly host-specific [21]. In empirical studies, virus-168 

host interactions had a strong dependence on host growth rate [45]. Furthermore, 169 

there was a suggestion of higher taxonomic specificity in virus–bacteria relationships 170 

than protist–bacteria relationships [46]. Moreover, products released in the 171 

environment from viral lysis can promote growth of weak bacterial competitors due to 172 

increased nutrient availability [30, 47], which may further enhance the 173 

competitiveness-invulnerability trade-off. In contrast, marine protists are generally 174 

known to exploit a large spectrum of bacterial species [48, 49]. Therefore, a protist 175 

community may perform weak species selection on their prey when the proportion of 176 

specialist grazers in the community is low. In addition, specialist protists’ grazing can 177 

be size- or speed-selective [50, 51, 52] which may or may not be correlated to the 178 

bacterial predation-free growth rate examined in the present study. As such, 179 

contributions from “Kill-the-Winner” to the overall grazing selection on a bacterial 180 

community may be masked or weakened as a variety of selection occurs 181 

simultaneously. 182 

 183 

The density-based competitiveness-invulnerability trade-off in marine bacterial 184 

communities 185 

Our findings did not support the existence of the competitiveness-186 

invulnerability trade-off when taking bacterial initial density as a proxy to its 187 

competitiveness, regardless of whether predation was by protist grazing or viral lysis. 188 

This conclusion was inconsistent with prior studies that described viral infections 189 

being highly dependent on host density [25, 53], and species of protists that are 190 

specialized on the dominant bacterial species [54]. However, most previous studies 191 

were well-controlled laboratory experiments, whereas our results reflected the 192 

complexity of the natural system that would mask the density-based “Kill-the-193 

Winner” in the present study. 194 

 Moreover, contrary to our predictions, the initially abundant bacterial species 195 

had relatively less predation-caused mortality in several experiments (Figure 2). 196 

Given this, we explained our findings from the perspective that full predation can best 197 
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maintain bacterial community structure. That is, a weakened predation effect would 198 

result in decreased/increased relative abundance of initially abundant/rare bacterial 199 

taxa. This may be because our initial bacterial communities were collected from the 200 

field; therefore, the initial density of each bacterial taxon is the consequence after full 201 

predation selection. Consequently, dominant species could be both slower growing 202 

and more grazer/viruses defensive, as reported [24]. We thus acknowledge that our 203 

finding of no evidence to support density-based competitiveness-invulnerability trade-204 

off may have been due to the limitations of our experimental settings; instead, our 205 

findings reflected that predation has a role in maintaining marine bacterial community 206 

structure. This was supported by the results where bacterial composition of the initial 207 

community was the closest to the composition incubated under a full predation effect 208 

(Figure S4). 209 

 210 

Predation effects on bacterial rank-abundance-distribution, evenness, and richness 211 

When protist and virus density were increased together, there was a flattened 212 

bacterial rank-abundance distribution, as well as higher evenness and richness. These 213 

results were consistent with the expected consequences of the competitiveness-214 

invulnerability trade-off in bacterial communities, where the predation effect can 215 

suppress growth of strong bacterial competitors that weakens the species exclusion 216 

effect from the competition. Although it is widely believed that predation is an 217 

important force shaping marine microbial diversity, whether it follows the often-cited 218 

Kill-the-Winner hypothesis remains unverified in natural systems. Here, our findings 219 

bridged the gap between the existence of competitiveness-invulnerability trade-off 220 

and predation-promoting effect on marine microbial diversity. 221 

However, when protists were manipulated alone, there was no effect on bacterial 222 

RAD and evenness (Figure 3-4). One possible explanation may be that diluting 223 

protists alone could not be enough to change the strength of competitiveness-224 

invulnerability trade-off and so as to affect bacterial RAD and evenness. Indeed, 225 

although in our study protist grazing generally preferred the fast-growing bacterial 226 

winner, this pattern was not consistent across experiments and the effect was 227 

relatively weak in comparison to viral lysis (Table 1 and Figure 1-2).  228 

Nevertheless, bacterial richness increased with the increased protist grazing 229 

effect (Figure 5). Therefore, we speculated that protist grazing would maintain 230 
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bacterial richness through other mechanisms rather than through its weak preference 231 

on fast-growing prey. For example, predation by generalist protists would suppress 232 

growth of overall bacterial biomass, allowing more remaining resources in the 233 

environment and supporting species co-existence.  234 

On the contrary, when the viral effect increased, bacterial RAD and evenness 235 

became flatter and higher, respectively, whereas bacterial richness did not change. 236 

Therefore, we inferred that viral lysis had a critical role in controlling the dominance 237 

of the strong competitor; however, weakening the viral-driven competitiveness-238 

invulnerability trade-off did not necessarily strengthen competition exclusion and lead 239 

to bacterial taxon loss.  240 

We also acknowledge that we may have underestimated the viral lysis effects on 241 

bacterial diversity by subtracting the diversity indices of protists-manipulated 242 

treatment from protists+viruses-manipulated treatment. This concern was due to 243 

potential antagonistic interactions between protists and viruses, as suggested in 244 

previous studies, for instance, the competition on the same bacteria pools or intrigued 245 

predation where protists graze on free-living virus and viral-infected bacteria [55, 56, 246 

57]. This would also explain why many experiments exhibited no significant viral 247 

lysis effect on bacterial diversity (Figure 3-5). Experiments manipulating only viral 248 

lysis effect would provide better evidence [23, 24], but are technically challenging. 249 

In addition, our seven experiments were conducted in different sites or seasons, 250 

and in many, there was no predation effect on bacterial diversity (Figure 3-5). Perhaps 251 

predation effects were weakened or masked by other environmental factors [7, 8, 9]. 252 

Furthermore, we incubated marine microbes under in-situ temperature and in a closed 253 

system, without nutrient and particle exchange. Low temperatures, depleted nutrients, 254 

and accumulated metabolic waste can occur and weaken bacterial productivity to 255 

exhibit a significant growth response to predation. Yet, there was no apparent 256 

relationship between environment nutrient concentration, bacterial initial abundance, 257 

and richness versus how predation affects bacterial diversity (Table S2), perhaps, 258 

owing to our limited number of experimental sets. 259 

Finally, we also acknowledge that a potential “bottle effect” may have existed in 260 

our experiments. The bottle effect can result in a bacterial community change due to 261 

an incubation environment in the bottles that may weaken or mask bacterial 262 

community responses to the manipulated predation effect, as suggested [58, 59]. To 263 
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exam a potential bottle effect in the present experiment, we investigated the ranking 264 

of ASVs (ranked by relative abundance) in T0 versus T12 when without predation 265 

manipulation (under 100% predation dilution factor, Figure S5). The ASVs with 266 

higher ranking at T0 generally had a higher ranking in T12 when without predation 267 

manipulation, indicating that, generally, ASVs ranking was not dramatically 268 

influenced by the incubation environment (Figure S5). Nevertheless, some ASVs did 269 

have a large ranking shift, potentially caused by a bottle effect. For a better 270 

quantitative examination, we analyzed the degree of ranking change for each ASV by 271 

calculating | T0-Rank/T0-MaxRank -T12-100%-Rank/T12-100%-MaxRank| for each ASV; where T0-272 

Rank and T12-100%-Rank are the ranking at T0 and T12; and T0-MaxRank and T12-100%-MaxRank 273 

are the maximum ranking at T0 and at T12, respectively. When consider all ASVs, 274 

only 9.9% of ASVs had < 10% ranking change; nevertheless, in the top-100 rank 275 

ASVs (based on relative abundance across all experiments) which contained 86% of 276 

total reads, 87 ASVs had <10% of ranking change. Therefore, we concluded that 277 

bottle effects potentially existed and influenced bacterial community components; 278 

however, bottle effects did not alter the major component of most bacterial abundance 279 

in our study. In addition, even if a bottle effect caused a large ranking shift in rare 280 

bacterial taxa, it did not mask the overall bacterial community responses to the 281 

manipulated predation effects. 282 

 283 

Predation effects on bacterial composition 284 

 A final check was conducted to examine if the Bray-Curtis dissimilarity 285 

between bacterial communities at T12 and T0 varied under different predation dilution 286 

factors. The Bray-Curtis dissimilarities decreased with predation, regardless of 287 

protists-manipulated or protists+viruses-manipulated treatments in LMM analysis 288 

(Figure S4). This finding agreed with most studies, suggesting that predation 289 

maintained bacterial composition [15, 60]. 290 

 291 

Materials and methods 292 

Study sites and predation manipulation experiments 293 

In total, seven sets of predation manipulation experiments were conducted in 294 

April 2014, October and July 2015, and May 2016 at two stations in the East China 295 

Sea (Figure S1). Bacterial communities were collected at the surface layer (3 to 5 m) 296 
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by Go-Flo bottles mounted on a CTD-equipped rosette (Sea-Bird Electronics, 297 

Bellevue, WA, USA). For each set of predation manipulation experiments, three types 298 

of seawater samples were prepared: (i) macro-plankton-free (20-μm filtered); (ii) 299 

protists- and bacteria-free (0.22-μm filtered); and (iii) particle-free seawater (30-kDa 300 

filtered). These three types of seawater were used for creating two combinations of 301 

predation manipulation treatments: (i) Protists-manipulated (macro-plankton-free 302 

seawater diluted by grazing- and bacteria-free water) and (ii) Protists+viruses- 303 

manipulated (macro-plankton-free seawater diluted by particle-free seawater). This 304 

predation manipulation technique followed previous studies that assumed filtration 305 

and manipulation processes do not affect dissolved-organic matter and bacterial 306 

growth, but decrease bacterial mortality caused by protists grazing and viral lysis due 307 

to decreased encounter rates between bacteria and predators [23, 31, 32, 33]. For each 308 

combination of predation manipulation, a 4-point dilution series was generated, with 309 

25, 50, 75 and 100% of the original predation effect remaining (predation dilution 310 

factors) (Figure S2). The mixtures were incubated for 12 h in duplicate in sterilized 311 

500-ml polycarbonate bottles at in situ temperature in a cabin, with water flow taken 312 

on board from the sea surface layer and under natural light. For bacterial enumeration 313 

samples, 2 ml of seawater from each 500-ml bottle were collected at the beginning 314 

(T0) and after 12-h incubation (T12) and fixed by paraformaldehyde solution with a 315 

final concentration 0.2% [34]. Therefore, 32 samples were collected from each 316 

experiment, which contains two predation manipulation treatments (protists-317 

manipulated and viruses-manipulated treatments) with four predation dilution factors 318 

in duplicates collected at T0 and T12. In total, 224 samples were collected in seven 319 

experiments. 320 

For 16S rDNA sequencing samples, ~ 10 L of macro-plankton-free seawater (20-321 

μm filtered) representing the community composition in each experiment at T0, and 322 

the rest of the seawater in each of the 16 half-litter bottles (two predation 323 

manipulation treatments with four predation dilution factors in duplicates) at T12 324 

(representing the community composition after 12-h incubation), were filtered 325 

through 0.2-μm pore size polycarbonate membranes, respectively. Consequently, 17 326 

community samples were collected from each experiment; thus, a total of 119 327 

community samples were collected from seven experiments. All seawater and filter 328 
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samples were frozen with liquid nitrogen onboard and stored at -80°C until the next 329 

process. 330 

 331 

Bacteria enumeration, DNA extraction, PCR, sequencing and bioinformatics 332 

To enumerate bacterial, 2 ml of paraformaldehyde-fixed seawater samples was 333 

stained with SYBR green (Molecular Probes Inc., USA) for 15 min in the dark and 334 

enumerated with a FACSAria flow cytometer (Becton Dickinson, USA).  335 

For 16S rRNA gene sequencing, total DNA was extracted from the 0.2-μm pore 336 

size membranes using DNeasy PowerWater Kit (Qiagen, Hilden, Germany) according 337 

to manufacturer’s instructions. For generating libraries, DNA extracts from the 338 

membranes were used as templates of polymerase chain reaction (PCR) to amplify the 339 

V5–V6 region [35] of 16S rDNA, followed by a second PCR to generate amplicons 340 

with unique dual-index for each sample. However, we failed to amplify one 16S 341 

rDNA sample (the 25% predation dilution factor under the protists-manipulated 342 

treatment in the experiment 2015JulSt1) in the first PCR; thus, only 118 samples 343 

proceeded to the next step. PCR purification was done after the first and second PCRs 344 

using Agencourt AMPure XP beads (Beckman Coulter, Indianapolis, Indiana). The 345 

purified DNA samples were pooled with approximately equal DNA quantity 346 

measured with Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, 347 

Massachusetts; see Supplementary Information for details). Sequencing was carried 348 

out using the Illumina MiSeq platform, producing 2 × 300 bp paired-end reads. Raw 349 

sequence data were deposited in the NCBI Sequence Read Archive (SRA) under 350 

accession number PRJNA749329. 351 

Raw sequences were processed using the Quantitative Insights Into Microbial 352 

Ecology 2 (QIIME 2 v2018.8) pipeline [36], following a protocol that processed with 353 

DADA2 with standard parameters [37] for removing primers, reads trimming 354 

(forward and reverse reads were truncated reads at positions 210 and 140 where 355 

quality score start to crush below 25, respectively), errors correction, merging read 356 

pairs, removing possible PCR chimeras (consensus method), and generating amplicon 357 

sequence variant (ASV) representative sequences and tables. To identify and remove 358 

potential mitochondria and chloroplast ASV, representative sequences were classified 359 

with a Naive Bayes classifier [38] fitted with 16S rRNA gene sequences extracted 360 

from SILVA v132 database [39] based on the PCR primers used. Singleton ASVs 361 
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(which may be created when merging paired-end sequences) across all experiments 362 

were removed. 363 

  364 

ASV table rarefaction and relative abundance estimates for the competitiveness-365 

invulnerability trade-off analysis 366 

The singleton-free ASV table was separated into seven sets of experiments 367 

and rarefied based on the lowest number of reads among all communities in each 368 

experiment (Table S1). If the relative abundance of the bacterial taxon (each ASV) in 369 

a community was 0, we replaced it with the relative abundance using the ASV table 370 

prior to rarefaction in that community. Furthermore, if the relative abundance 371 

remained 0 in the ASV table prior to rarefaction, we set it as 10-8. This value was 372 

determined according to the findings that the smallest relative abundance before 373 

rarefaction for each of the seven sets of experiments was ~ 10-7 (Table S2). A 374 

sensitivity test on setting the zero relative abundance in both rarefied and non-rarefied 375 

ASV table as 10-7 was also conducted; results indicated a consistent conclusion on the 376 

competitiveness-invulnerability relationship (Table S2). This adjustment on zero 377 

relative abundance is necessary to alleviate impacts from sampling effects that would 378 

otherwise neglect responses of bacterial taxa susceptible to predation manipulation, 379 

but extremely rare. For example, potential predation-susceptible taxa might be 380 

initially too rare to be detected, but subsequently appear after 12-h incubation under 381 

diluted predation treatments (i.e., 25, 50 and 75% diluted treatments, ranging from 382 

56.9 to 80.9% of total ASVs with 5.3 to 19% of total reads across experiments). 383 

Alternatively, the bacterial taxa existed initially but was not detected after 12 h under 384 

a diluted predation effect (<0.6% of ASVs with < 0.001% of total reads across all 385 

experiments, Table S3), i.e., the taxa are potentially predation-defenders but 386 

susceptible to competition.  387 

 388 

Estimates of competitiveness and invulnerability to predation of each bacterial ASV 389 

The initial density of each bacterial ASV was calculated by multiplying its 390 

relative abundance (estimated from 16s rDNA sequencing) and the mean of the 391 

density of the whole community (enumerated with flow cytometry) at T0. The 392 

relationship between per-capita net growth rate versus predation dilution factors 393 

(PNGR-PDF) were analyzed for each bacterial ASV (hereafter, the PNGR-PDF 394 
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relationship) for both predation manipulation treatments (protists-manipulated and 395 

protists+viruses-manipulated) (Figure S3). The per-capita net growth rate (r) was 396 

estimated using bacterial population size initially (N0) and after 12-h incubation (N12) 397 

where r = ln(N12/N0)/(12 h). This calculation assumes r does not change with 398 

population size with equation: Nt = N0*ret, where Nt is the population size at time t 399 

[40, 41]. Bacterial population size was estimated by multiplying the relative 400 

abundance and the absolute abundance of the whole community. Two linear 401 

regressions of the PNGR-PDF relationship for two predation manipulation 402 

treatments (with two replicates for each) were analyzed. Bacterial predation-free 403 

growth rate was estimated as the y-intercept of the PNGR-PDF relationship under the 404 

protists+viruses-manipulated treatment. Bacterial invulnerability to protist grazing 405 

was estimated by the regression slope of PNGR-PDF relationship under the protists-406 

manipulated treatment, indicating the degree of bacterial growth rate in response to 407 

increased protist grazing. Finally, bacterial invulnerability to viral lysis was 408 

calculated by subtracting the protists-manipulated PNGR-PDF regression slope from 409 

the protists+viruses-manipulated PNGR-PDF regression slope [31, 33], representing 410 

the degree of bacterial growth rate in response to the increased viral lysis effect. 411 

 412 

Bacterial community indices 413 

 Here, we investigated three bacterial diversity indices: the decay coefficient of 414 

species rank abundance distribution (RAD), evenness and richness. The decay 415 

coefficient of RAD and evenness were estimated based on the rank-normalized RAD, 416 

through which the single-free ASV tables were scaled by taking the average of 1000 417 

times subsampling with the lowest number of RAD rank (lowest number of species 418 

among communities) at T12 in each experiment and then normalized between 0 and 1 419 

(Table S1) using “RADanalysis” package in R program. This allowed a quantitative 420 

comparison of RAD structures and evenness among communities with controlled 421 

richness [42]. To describe the RAD structure, the RAD decay coefficient was 422 

represented by the estimated decay coefficient obtained from fitting the Zipf model to 423 

the normalized RADs using the “radfit” package in the R program. A community 424 

with a higher RAD decay coefficient indicates that the frequency of species decreases 425 

dramatically along with rank (a steeper RAD) whereas a lower RAD decay coefficient 426 

represents a smaller difference among species frequency (a flatter RAD). Evenness 427 
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was estimated using the “vegan” package in R program with rank-normalized RAD. 428 

Bacterial richness was estimated from the singleton-free ASV tables rarefied at the 429 

lowest number of reads among communities at T12 in each experiment (Table S1). 430 

Bacterial richness was the number of ASV of each community. 431 

Finally, Bray–Curtis dissimilarity between communities collected at T0 and T12 432 

was calculated to check predation effects on bacterial species composition. This 433 

analysis was done based on the singleton-free ASV tables that were rarefied at the 434 

lowest number of reads among all communities in each experiment (Table S1). Bray–435 

Curtis dissimilarities were calculated based on the relative abundance of various 436 

ASVs using “vegan" package in the R program.  437 

 438 

Data analyses 439 

Hypothesis I aimed at investigating the bacterial competitiveness-invulnerability 440 

trade-off. For each experiment, we determined linear regression and the Pearson’ 441 

correlation coefficient between bacterial competitiveness (as independent variable, for 442 

predation-free growth rate and initial abundance, respectively) versus invulnerability 443 

to predation (as dependent variable, for mortality caused by protists grazing and viral 444 

lysis, respectively). Then, pooling all these relationships across communities, we 445 

analyzed competitiveness-invulnerability relationships with a linear mixed-effects 446 

model (LMM) considering random intercepts across seven experiments using “nlme” 447 

package in R, with bacterial competitiveness as independent variable, invulnerability 448 

to predation as dependent variable, and experiments as the random effect. 449 

Additionally, to detect a potential artifactual slope-intercept relationship when 450 

analyzing competitiveness-invulnerability trade-off, a permutation test was 451 

conducted. This additional analysis was due to the concern that the estimates of slope 452 

(invulnerability to predation) and intercept (predation-free growth rate) were from 453 

two closely related regression lines. Specifically, for each predation effect (protists 454 

grazing or viral lysis, respectively), a null model was generated using the linear 455 

regression estimates with randomly shuffled dependent variables (the invulnerability 456 

to predation) across dilution factors while independent variables (predation-free 457 

growth rate) remain fixed and was repeated 1000 times. Observed values were 458 

statistically tested if significantly different from the mean of null models with Z-score 459 

and its p-value. 460 
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In Hypothesis II, we analyzed the relationship between predation dilution factors 461 

versus the three bacterial diversity indices (RAD decay coefficient, evenness, or 462 

richness) after 12-h incubation under three combinations of predation effect 463 

(protists+viruses, protists or viruses), respectively. These relationships were analyzed 464 

with LMM analysis as well, with predation dilution factors as independent variables, 465 

diversity indices as dependent variables, and experiments as the random effect. Three 466 

types of predation pressures on bacterial diversity were analyzed: (i) protists+viruses 467 

effect; (ii) protists effect; and (iii) viruses effect. Effects from protists and 468 

protists+virus were examined from protists-manipulated and protists+viruses-469 

manipulated treatments, respectively. Bacterial diversity estimates under viral lysis 470 

effect were obtained by subtracting each diversity estimate in protists-manipulated 471 

treatment from each diversity estimate under protists+viruses-manipulated treatment. 472 

There are two replicates in each treatment, resulting in four diversity estimates under 473 

each viruses-manipulated dilution factors. Finally, we investigated how bacterial 474 

composition similarity between initial and 12-h incubation (Bray-Curtis dissimilarity) 475 

varied under the four degrees of predation dilution factors, with protists-manipulated 476 

and protists+viruses-manipulated treatments. Details of the data analysis and R scripts 477 

are provided online (https://github.com/jinnyyang/Marine-Bacteria-C-I-trade-off). 478 

 479 

Environmental variables 480 

Temperature was recorded by the CTD profiler. Nitrite and nitrate concentrations 481 

were measured by the pink dye method, and phosphate concentrations were measured 482 

by molybdenum blue, using standard methods [43]. Environmental conditions during 483 

the experiments are summarized in Table S4.  484 
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Figure and Table legends 707 

 708 

Table 1. Results of linear mixed-effect model analysis for competitiveness-709 

invulnerability trade-off and predation effects on bacterial community indices, with 710 

experiments as the random effect. Bold numbers indicate significant (p < 0.05) 711 

results. 712 

Independent variable Dependent variable Estimate Std. Error p value 

Competitiveness-invulnerability trade-off 

Competitiveness Invulnerability       

Growth-based competitiveness  
  

to protist grazing  -0.027  0.002 <0.001  

to viral lysis -0.114 0.003  <0.001  

Density-based competitiveness  
 

to protist grazing  0.139 0.008  <0.001 

to viral lysis -0.047 0.011   <0.001 
Predation effect on bacterial community 

Predation effect Community index   

Protists+viruses 

RAD decay coefficient 
-0.107  0.025  <0.001 

Protists -0.032  0.033  0.335  

Viruses -0.074  0.029  0.012  
Protists+viruses  

Evenness 

0.037  0.009  <0.001  
Protists 0.013  0.011  0.237  

Viruses 0.023  0.010  0.024  
Protists+viruses 

Richness 

21.993  8.026  0.009  
Protists 31.051  10.159  0.004  
Viruses -9.831  8.761  0.264  

 713 
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 714 

Figure 1. Relationships between predation-free growth rate (hour-1) and 715 

invulnerability to protists grazing or to viral lysis (hour-1), respectively, in each 716 

experiment. Values are the Pearson’s correlation coefficient (r) and its p value (p). 717 

Solid and dashed lines indicate significant (p < 0.05) and non-significant (p > 0.05) 718 

linear regression, respectively.   719 
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 720 

Figure 2. Relationships between log10-formed initial density and invulnerability to 721 

protist grazing or to viral lysis (hour-1), respectively, in each experiment. Values are 722 

the Pearson’s correlation coefficient (r) and its p value (p). Solid and dashed lines 723 

indicate significant (p < 0.05) and non-significant (p > 0.05) linear regression, 724 

respectively.   725 
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 726 

Figure 3. Relationships between predation dilution factors and bacterial RAD decay 727 

coefficient at T12 under (a) protists+viruses-manipulated, (b) protists-manipulated 728 

and, (c) viruses-manipulated treatments. Colors or symbols indicate different sets of 729 

experiments. Solid and dashed lines indicate significant (p < 0.05) and non-significant 730 

(p > 0.05) linear regression, respectively. Black bold solid and dashed lines indicate 731 

significant (LMM-p < 0.05) and non-significant (LMM-p > 0.05) linear regression 732 

estimated from linear-mixed effect model, with experiments as the random effect.  733 
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 734 

Figure 4. Relationships between predation dilution factors and bacterial evenness at 735 

T12 under (a) protists+viruses-manipulated, (b) protists-manipulated, and (c) viruses-736 

manipulated treatments. Colors or symbols indicate different sets of experiments. 737 

Solid and dashed lines indicate significant (p < 0.05) and non-significant (p > 0.05) 738 

linear regression, respectively. Black bold solid and dashed lines indicate significant 739 

(LMM-p < 0.05) and non-significant (LMM-p > 0.05) linear regression estimated from 740 

linear-mixed effect model, with experiments as the random effect.  741  
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 742 

Figure 5. Relationships between predation dilution factors and bacterial richness at 743 

T12 under (a) protists+viruses-manipulated, (b) protists-manipulated, and (c) viruses-744 

manipulated treatments. Colors or symbols indicate different sets of experiments. 745 

Solid and dashed lines indicate significant (p < 0.05) and non-significant (p > 0.05) 746 

linear regression, respectively. Black bold solid and dashed lines indicate significant 747 

(LMM-p < 0.05) and non-significant (LMM-p > 0.05) linear regression estimated from 748 

linear-mixed effect model, with experiments as the random effect.  749 
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