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Microbial viruses infect about 1023 cells per second in the world’s 
oceans and the majority of microbial cells are infected at any given 
time1,2. What determines the proportion of lytic versus lysogenic infec-
tions is not well understood, despite the known importance of lytic/
lysogenic fate in driving ecological and biogeochemical  outcomes1,3–6. 
Kill-the-Winner (KtW) models of lytic infection  predict that den-
sity- and frequency-dependent viral predation suppresses blooms 
of rapidly growing hosts, increasing host diversity6–9. A number 
of studies provide empirical support for these predictions7,10–13. In 
contrast, temperate viral dynamics in the environment are much less 
studied, and the relationship between lysogeny and host density is 
unclear. Provirus induction studies indicate that lysogeny is more 
frequent with low host density14–16. As such, it was established that 
viral  communities  transition from lysogeny to lytic dominance as host 
densities rise4,10,12,14,15,17.

Coral reefs offer a unique opportunity to probe the relationship 
between microbial host densities and the relative frequency of lytic 
versus temperate viral life cycles. Anthropogenic stressors can shunt 
these ecosystems into degradative regimes that result in changes in 
viral and microbial community composition, and rising microbial 
energy demand and densities, a state described as microbialized18–23. 
On heavily microbialized reefs, microbial abundances increase five- 
to tenfold, which increases predicted virus–host encounter rates18,24. 
Density-dependent lytic KtW models predict that reef microbializa-
tion should therefore correlate with increased lytic viral predation, 
resulting in a predicted increased virus to microbe ratio. Here we use 

four independent analyses—direct counts, literature meta-analyses, 
experiments, and viral community metagenomics—to show that 
increased host density is instead accompanied by a transition from 
lytic to temperate dynamics. On this basis we propose an extension 
of the KtW models, the Piggyback-the-Winner (PtW) model, which 
reflects the increased contribution of temperate viruses in ecosystems 
with high host abundance, yielding ‘more microbes, fewer viruses’.

Viral and microbial abundance
Microbial and viral abundances were measured in 223 Pacific and 
Atlantic coral reef samples (Fig. 1a). The density of virus-like par-
ticles (VLPs) was significantly higher than that of the microbes 
(t = −19.61, degrees of freedom (d.f.) = 236.96, P < 2.20 × 10−16; 
Welch two sample t-test) and ranged from 9.03 × 105 to 3.86 × 107 
(7.08 × 106 ± 3.01 × 105, mean ± standard error of the mean, s.e.m.) 
VLPs ml–1 versus 8.08 × 104 to 6.75 × 106 (1.09 × 106 ± 5.53 × 104, 
mean ± s.e.m.) microbes ml–1. The log–log plot of these VLP and 
microbe abundances had a slope <1 (m = 0.59, t = 14.82, d.f. = 221, P  
(t-test; m ≠ 1) = 4.08 × 10−21; R2 = 0.50; slope significantly different 
from m = 1 by linear regression with t-test; Fig. 1a), indicating a down-
ward concave relationship between these variables. As a result, the 
virus to microbe ratio (VMR) decreased significantly (analysed against 
host density, both log-transformed; m = −0.37; t = −9.52, d.f. = 221, 
P < 2.00 × 10−16; R2 = 0.29; linear regression) from a ratio of 25 to 2 
VLPs per microbe (7.44 ± 0.24, mean ± s.e.m.) as microbial abundance 
increased from ~1 × 105 to greater than 6 × 106.

Microbial viruses can control host abundances via density-dependent lytic predator–prey dynamics. Less clear is how 
temperate viruses, which coexist and replicate with their host, influence microbial communities. Here we show that 
virus-like particles are relatively less abundant at high host densities. This suggests suppressed lysis where established 
models predict lytic dynamics are favoured. Meta-analysis of published viral and microbial densities showed that this 
trend was widespread in diverse ecosystems ranging from soil to freshwater to human lungs. Experimental manipulations 
showed viral densities more consistent with temperate than lytic life cycles at increasing microbial abundance. An analysis 
of 24 coral reef viromes showed a relative increase in the abundance of hallmark genes encoded by temperate viruses with 
increased microbial abundance. Based on these four lines of evidence, we propose the Piggyback-the-Winner model 
wherein temperate dynamics become increasingly important in ecosystems with high microbial densities; thus ‘more 
microbes, fewer viruses’.
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Recent models were used to contrast our counts with predicted 
viral–host relationships8,9. Weitz and Dushoff (2008)8, in which burst 
size is proportional to density-dependent microbial growth rate, pre-
dicts a negative relationship between viral and host density as viral 
predation causes declining host density with rising density-dependent 
host growth rate (Fig. 1b; details of steady state solution in Materials 
and Methods). The KtW-like model by Thingstad et al. (2014)9, that 
incorporates terms for nested resistance to viral infection amongst 
multiple host strains9,13, predicts an approximately downward concave 
relationship between viral and host abundances with the increasing 
dominance of slow growing, resistant hosts suppressing lytic dynam-
ics as host density rises (Fig. 1b). The Piggyback-the-Winner (PtW) 
model introduced here predicts a relationship between VLP and host 
densities similar to Thingstad et al. (2014)9, but lytic dynamics are sup-
pressed at high host density and density-dependent growth rate owing 
to the increased prevalence of lysogeny (modelled as lower specific 
viral production rates per infection) and super-infection exclusion 
rather than resistance.

Diversity and functional composition of microbial 
communities
Viral predation is thought to stimulate species-level host diversity 
through lineage-specific predation targeting dominant lineages, pro-
moting community evenness5,25. However, when microbial diversity 
in 66 microbiomes from across the Pacific was probed, a weak and 

significantly negative relationship between host density and taxonomic 
diversity was observed (Fig. 1c; microbial abundance log-transformed; 
m = −0.29, t = −2.60, d.f. = 64, P = 0.01; R2 = 0.09; linear regression). 
This also indicates that lytic dynamics are suppressed when both  
density-dependent (that is, total encounter rates) and frequency- 
dependent (that is, the relative density of a given host) would both 
favour lytic activity.

A recent model suggests that elevated host densities lead to an 
increase in host resistance to viral infection9. However, investigation 
of 66 Pacific microbiomes yielded weak relationships and no sup-
port for increased host resistance via CRISPRs or potential horizon-
tal transfer of resistance (per cent competence genes) in the mixed 
microbial community metagenomes (CRISPRs: Fig. 1d; m = −26.17, 
t = −1.44, d.f. = 64, P = 0.15; R2 = 0.03; per cent competence genes: 
Extended Data Fig. 1a; m = −0.25, t = −2.40, d.f. = 64, P = 0.02; 
R2 = 0.08; microbial abundance log-transformed and linear regres-
sions in both analyses). These data indicate that immunity to viral 
infection does not change with host density as predicted by Thingstad 
et al. (2014)9, and is not promoted by horizontal transfer of resist-
ance genes as predicted in King-of-the-Mountain dynamics9,26.  
Rather than host-mediated resistance to viral infection, the observed 
decrease in VMR with increasing microbial abundance may be 
driven by an alternative strain-level diversification mechanism, 
such as increasing resistance via lysogeny. Lysogeny, with its implicit 
super-infection immunity dynamic, would yield similar predictions 
to Thingstad et al. (2014)9, albeit through a different mechanism, and 
could complement the nested infection design of the Thingstad et al. 
(2014)9 model in future studies of resistance/growth trade-offs.

Viral and host abundances in other ecosystems
Data from 22 independent studies were compiled for a meta- analysis 
to determine the generality of the ‘more microbes, fewer viruses’ 
 observation. These studies spanned five orders of magnitude of  microbial 
and VLP densities (Fig. 2; summary statistics in Extended Data Table 1;  
references in References for Methods). Analysis of log-transformed 
microbial and VLP abundances yielded slopes of significantly <1 in eight 
of the eleven environments. VMR therefore declined with increasing 
microbial density in disparate coastal and estuarine, coral reef, deep 
ocean, open ocean, temperate lake,  animal-associated, sediment, and soil 
systems, consistent with our coral reef observations. This trend was also 
observed in the cystic fibrosis lung27. Together, these results show that 
‘more microbes, fewer viruses’ is a common  phenomenon. When viewed 
across the full range of host densities, peak VMR values were observed 
at ~106 microbes ml–1 or g–1 of sample. VMR declines as host density 
decreases or increases from this value (Fig. 2, final panel).

The relationship between microbial and viral densities was further 
examined through an analysis of published values of the fraction of 
lysogenic cells determined by mitomycin C induction4,28–30. Although 
a sometimes-significant negative relationship exists at a within-study 
level, examination across the full range of host abundances studied 
revealed no significant slope (Extended Data Fig. 2). The model that 
low host density favours lysogeny is not well supported by induction 
data when viewed globally; there is reason to re-examine the drivers of 
lysogeny with lines of evidence independent of established methods.

Experimental manipulation of host growth rate
Our counts data contrast with predicted density-dependent lytic 
 predation. Further, the models examined in Fig. 1b predict differ-
ent relationships between microbial density, density-dependent host 
growth rate and viral lytic activity (measured as VMR). The actual 
relationship between these variables was probed with incubation exper-
iments using seawater sampled from a pristine coral reef (Palmyra; 
120-h time series) and a degraded embayment (Mission Bay; 72-h time 
series). Data were pooled within sites as high variability led to a lack of 
significant impact of dissolved organic carbon addition on host density 
(t = 0.82, d.f. = 32.18, P = 0.42; Welch two sample t-test with microbial 
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Figure 1 | Virus-like particle (VLP) relative abundance declines with 
increasing host density despite lower microbial diversity and similar 
host sensitivity to infection, contrary to predictions of lytic models. 
a, Log-transformed VLP versus microbial densities have an m < 1 
relationship (n = 223 independent measures); the dashed reference line 
depicts a 10:1 relationship. b, Steady-state microbial and viral abundances 
and schematic microbial growth rate predicted by three modified  
Lotka–Volterra models: Piggyback-the-Winner (red), Thingstad et al. 
(2014; black9), and Weitz and Dushoff (2008; blue8). c, Shannon microbial 
species diversity versus host density (H′; n = 66 independent measures). 
d, Abundance of CRISPR elements in the microbial metagenomes (n = 66 
independent measures). All slopes (m), R2, and P values describe linear 
regressions testing against a slope of 0, except a which shows the P value 
from a two-sided t-test against a slope ≠ 1. Black best-fit lines with grey 
99% prediction intervals from linear regressions are shown (a, c, and d).
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abundance log-transformed; Extended Data Fig. 3a) or VMR (t = 0.17, 
d.f. = 27.70, P = 0.87; Welch two sample t-test).

The experimental data matched our field observations: slopes 
 significantly <1 were observed between log-transformed VLP and 
microbial densities in both incubations (Fig. 3a; Mission Bay: m = 0.56, 
t = 6.65, d.f. = 10, P (t-test; m ≠ 1) = 3.59 × 10−4; R2 = 0.82; Palmyra: 
m = 0.63, t = 4.20, d.f. = 23, P (t-test; m ≠ 1) = 2.25 × 10−2; R2 = 0.43; 
linear regression). These incubations are therefore more similar to the 
data set characterized by Wilcox and Fuhrman (1994)3 as non-lytic 
(Fig. 3c; m = 0.13, t = 0.64, d.f. = 26, P (t-test; m ≠ 1) = 2.65 × 10−4; 
R2 = 0.02; linear regression) than the Hennes et al. (1995)31 
 putatively lytic data set (Fig. 3c; m = 1.19, t = 1.59, d.f. = 4, P (t-test;  
m ≠ 1) = 0.81; R2 = 0.39; linear regression). Hennes et al. (1995)31 
and Wilcox and Fuhrman (1994)3 attribute their lytic (where VMR 
rose by ~40) and non-lytic dynamics to elevated and lowered micro-
bial  densities, respectively. In contrast, we did not observe a similar 
rise in VMR despite exceeding an order of magnitude higher host 
densities (Fig. 3b and 3d) and five times faster net growth rates than 
Hennes et al. (1995)31 (9.71 × 106 and 1.77 × 106 cells h−1 in Palmyra 
and Mission Bay incubations, respectively; Hennes et al. (1995)31: 
1.74 × 106 cells h−1). These protist predator-free incubations (that is, 
0.8 μm filtered) showed no significant increase in VMR with increas-
ing host density, indicating that viral–host interactions alone are 
sufficient to drive the approximately downward concave relationship 
between VLP and host densities (Fig. 3a, b).

Temperate genes, diversity, and virulence
Metagenomes of viral communities (viromes) from 24 Pacific and Atlantic 
coral reefs were sequenced (Extended Data Table 2). High variability and 
high leverage points were observed in the relationship of all viral bioin-
formatic metrics and host density, requiring the use of robust regression 
followed by bootstrap confidence interval estimation (RR-B) due to its 
insensitivity to high leverage, peripheral values. The per cent abundance 
of viral integrase, excisionase, and prophage reads increased significantly 
with microbial density (Fig. 4a, b, and Extended Data Fig. 4a) at the ≥90% 
confidence level (Fig. 4a, per cent integrase, m = 1.23, 90th percentile  

confidence interval (CI; 0.01, 2.69), Fig. 4b, per cent  excisionase, 
m = 0.04, 90th CI (0.02, 0.10); Extended Data Fig. 4a, % prophage, 
m = 0.13, 90th CI (0.03, 0.44); RR-B against log- transformed host 
density; R2 are not appropriate for robust regressions and are  omitted).

Increased cell density was associated with a significant decline in 
functional diversity of the viral communities, an indicator of temperate 
viral communities32, as measured by the Shannon (H′) index of puta-
tive coding genes in the viromes (Fig. 4c, m = −3.54, 90th CI (−6.14, 
−1.73); RR-B against log-transformed host density). Furthermore, 
the lower diversity, more temperate viral communities carry more 
virulence genes than the more diverse and lytic viral communities 
found at lower host densities (Fig. 4d, m = 1.09, 90th CI (0.46, 3.01); 
RR-B against log-transformed host density). Further, while we have 
conservatively used linear regression to analyse these relationships, the 
data suggests an exponential relationship between host density and % 
integrase, % excisionase, and % virulence genes, and a decay function 
between host density and viral functional diversity. These observed 
trends were not a result of overall viral community genome size reduc-
tion, as the average viral genome size determined by the Genome 
relative Abundance and Average Size tool was unaffected by micro-
bial abundance (m = −9190, t = −1.02, d.f. = 22, P = 0.32; R2 = 0.04;  
linear regression of genome length (bp) against log-transformed 
host density; mean estimated viral genome length = 42.07 ± 2.45 kb, 
mean ± s.e.m.). Rather, viral communities changed with increasing 
temperateness; viral communities clustered geographically as low-
cell-density Atlantic viromes grouped away from Pacific viromes 
(Extended Data Fig. 4b).

Discussion
The observed decline in the virus to microbe ratio (VMR) with ele-
vated host abundances on microbialized coral reefs (Fig. 1) is consistent 
with lowered lytic activity at high host density (Fig. 1b). This trend 
was observed in eight of eleven (>70%) other disparate environments  
(Fig. 2). No support was found for competitive exclusion of viral pred-
ators by heterotrophic protists6,33,34 (Fig. 3a), the rise or transfer of 
resistance to viral infection9,26 (Fig. 1d and Extended Data Fig. 1b), 
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greater species-level host diversity5 (Fig. 1c), or increasing viral decay5 
(Extended Data Fig. 3b). Rather, multiple independent bioinformatic 
analyses of our viromes from this study, reinforced by viromes from 
other ecosystems35–39, indicated an increased relative abundance of 
temperate viruses in communities with high microbial densities (Fig. 4).  
Empirical tests of alternative models to Piggyback-the-Winner (PtW) 
showed weak or ambiguous relationships while correlations sup-
porting PtW were significant (for example, R2 of <0.09 in Fig. 1c, d 
and Extended Data Fig. 2, compared with R2 > 0.56 in Figs 1a and 
3a). All four independent lines of evidence examined here—direct 
counts, literature meta-analyses, experiments, and viral community  
metagenomics—provide significant support for PtW.

The established model in viral ecology predicts that lytic dynamics 
dominate at high host density, whereas lysogeny is favoured at low 
densities4,14,17. We propose an extension of these Kill-the-Winner 
(KtW) models, Piggyback-the-Winner (PtW), wherein temperateness 
is favoured at high host densities as viruses exploit their hosts through 
lysogeny rather than killing them. As viral and host densities increase, 
lysogen resistance to superinfection by related viruses becomes 
increasingly important9. In this scenario, the energetic costs of gen-
erating resistance to infection through carrying proviruses should be 
less than through mutation40,41. Further, lysogeny can decouple micro-
bial taxonomic and functional composition through horizontal gene 
transfer42. Virulence genes encode functions that harm eukaryotes;  
the increasing virulence content of viral communities under PtW 

dynamics (Fig. 4d) suggests that lysogens could evade protistan 
 predation in addition to viral lysis. Suppressed top-down viral 
and protistan predation under PtW dynamics is likely to facilitate 
 microbialization and ecosystem decline22,23,43.

The ‘narwhal-shaped’ distribution that results when VMR is plotted 
against microbe density in multiple environments (Fig. 2, final panel) 
suggests that host densities observed in the ocean (~5 × 105 to 1 × 106 
cells ml−1) favour lytic KtW dynamics. Lower and higher host densities 
show a suppressed VMR. Thus, we predict that a Piggyback-the-Losers 
(PtL) dynamic extends the lytic-to-temperate shift to communities 
with low host densities. The diversity of environments across which 
the PtL–KtW–PtW dynamic is observed suggests that whichever 
viral–host dynamic prevails within a system, PtL, KtW or PtW, has 
major effects on processes as diverse as ecosystem function and disease 
progression34,43–46.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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from repeated measures). b, d, Microbe density and VMR over time in 
Mission Bay and Palmyra (b; individual values; n = 3 and 5 per time-point, 
respectively, except for time zero, when n = 1), and published putative lytic 
and non-lytic incubations (d; mean values; n = 1 and 4 per time-point, 
respectively) plotted over a thin plate spline. a, c, Dashed 10:1 lines, solid 
lines of best fit, with 99% prediction intervals in grey; all slopes (m) and  
R2 values describe linear regressions, and P values are derived from a  
two-sided t-test against a slope ≠ 1. Individual incubation data are 
shown in Extended Data Fig. 3a. Mission Bay and Palmyra incubation 
experiments were each conducted once.
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Figure 4 | Temperate features in viromes increase with host density.  
a–d, The relationship between log-transformed microbial density and the 
percent abundance of integrase (a), excisionase (b), and virulence reads in 
viromes (d), normalized by total sequences in each sample, and Shannon 
(H′) viral functional diversity (c) (n = 24 independent measures for all 
analyses). The linear equations and lines of best fit from robust regression 
and bootstrapped 95% and 90% confidence intervals (CIs) for the slopes 
are shown. Goodness of fit metrics are inappropriate for robust regression 
and are omitted.
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METHODS
Viral and microbial counts. Seawater was collected in 2-l diver-deployed Niskin 
bottles at approximately 10 m depth within 30 cm of the benthos on coral reefs 
across the Pacific and Atlantic Oceans47. Samples were fixed with 2% final concen-
tration paraformaldehyde within four hours of collection. Pacific Ocean samples 
were filtered and stained with SYBR Gold (Life Technologies, USA), mounted on 
slides and analysed by epifluorescence microscopy47. Atlantic Ocean samples were 
flash frozen and stored in liquid nitrogen until analysis on a BD FACSCalibur flow 
cytometer48. Investigators were blinded when conducting all counts in this study 
(environmental or experimental), with sites or incubation samples imaged and 
analysed in a random order and identified only after analysis.
Predator–prey modelling. Steady state solutions to the dynamic model of Weitz 
and Dushoff (2007)8 were calculated under varying carrying capacities (K). The 
chemostat model of Thingstad et al. (2014)9 was run for varying K, and the final 
point in the evolution of the system plotted.

A standard lytic model49 that incorporates a logistic or trophic-state dependence 
for the microbe growth rate r is given by the equations

δN/δt = r • (1− N/K) • N − (d • N) − (φ • N • V)

δV/δt = (β • φ • N/K • N • V) − (m • V)

where d and m are, respectively, the trophic-independent death rates for microbes 
and phage, N and V are, respectively, microbial host and viral abundances, β is 
the burst size, and φ is the adsorption coefficient. This corresponds to the Weitz–
Dushoff model8 with their parameter a (the fractional reduction of lysis at carrying 
capacity term) set equal to 0.

In this case the specific viral production rate per microbe is given by the product 
β • φ. In the new PtW model of viral–host interactions proposed here we replace 
this product with the quantity β • φ • N/K, suppressing viral production as the 
system moves away from K (that is, N/K becomes smaller) to simulate augmenta-
tion of lysogeny in eutrophic conditions. In this case β • φ has the interpretation 
as the maximum value for the specific viral production rate per microbe. Steady 
state solutions of host and viral densities in the PtW model generated herein were 
calculated across a range of K (Fig. 1b). All models are available as Matlab scripts 
from https://github.com/benjaminwilliamknowles/Piggyback-the-Winner.
Meta-analysis of cell and viral abundances. The relationships between published 
VLP and cell abundances from disparate environments were probed from 22  
studies17,28,44,50–68. When abundances were not available, we used the 
WebPlotDigitizer tool to recover data from graphs (http://arohatgi.info/
WebPlotDigitizer/app/). Samples were grouped by habitat: animal-associated, 
polar lakes, coastal/estuarine, coral reefs, deep ocean, drinking water, open ocean, 
 sediment, soil, soil water and temperate lake/river. We similarly extracted data from 
published studies and tested the relationship between cell abundance and the fre-
quency of lysogenic cells as studied by mitomycin C induction in previous studies 
from the Adriatic Basin, Arctic Shelf, Mid Atlantic Ridge and Tampa Bay4,28–30.
Metaviromic sampling and processing. Viral metagenomic samples were col-
lected at 24 reefs (Extended Data Table 2), a subset of sites sampled for counts 
as previously described47. Pacific viral concentrates were treated with 250 μl of 
chloroform per 50 ml of concentrate to destroy microbes and purified using CsCl 
step gradient ultracentrifugation47. Viral DNA was extracted using the formamide/
phenol/chloroform isoamyl alcohol technique47 and amplified using the Linker 
Amplified Sequencing Library approach69 and sequenced on an Illumina MySeq 
platform (Illumina, USA). Atlantic viral concentrates were passed through a 
0.22 μm filter and 250 μl of chloroform per 50 ml of concentrate was added to 
remove microbes, followed by ultracentrifugation for further concentration. DNA 
from Atlantic sites was extracted by the phenol/chloroform/isoamyl alcohol tech-
nique, amplified using multiple displacement amplification20 and sequenced on an 
Ion Torrent sequencer (Life Sciences, USA). Microbial metagenomes were prepared 
by DNA extraction from the >0.22 μm fraction of the microbial community using 
Nucleospin Tissue Extraction kits (Macherey Nagel, Germany)47 and sequencing 
on an Illumina MySeq platform (Illumina, USA).
Bioinformatics. Sequences less than 100 bp and with mean quality scores less 
than 25 were removed using PrinSeq70. Acceptable sequences were then derepli-
cated with TagCleaner71 and potential contaminants matching lambda or human 
DNA sequences removed with DeconSeq72. Focusing on microbial reads, micro-
bial metagenomes were taxonomically annotated based on k-mer similarity 
using FOCUS73. Rank-abundance tables were then used to calculate microbial  
species-level Shannon (base e) taxonomic diversity. For the virome analysis, protein 
sequences of all integrase, excisionase, and competence gene sequences on the 
NCBI RefSeq database (http://www.ncbi.nlm.nih.gov/refseq/) were downloaded 
and made into BLAST databases (makeblastdb command; BLAST version 2.2.29+, 

ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/). The Virulence 
Factors of Pathogenic Bacteria Database (http://www.mgc.ac.cn/VFs/main.htm)  
was used as a protein database for virulence genes. The percentage of each 
sequence library composed of integrase, excisionase, competence, or virulence  
genes was computed as the number of sequences with >60 bp match at a 40% 
identity to database sequences identified using BLASTx, normalized by the total 
number of sequences in the virome. CRISPRs were identified in microbiomes 
using the CRISPR Recognition Tool (https://github.com/ajmazurie/CRT) and hits 
normalized to parts per million (p.p.m.) against total reads. The fraction of known 
prophage-like reads in the viromes, normalized by total sequences, was assessed by 
a stringent (e-value 10−10) BLAST against known prophages in cultured bacteria 
downloaded from NCBI (hosts (number of prophage): Escherichia coli (36), Shigella 
flexneri (31), Salmonella enterica (16), Staphylococcus aureus (14), Xylella fastidiosa  
(12), Yersinia pseudotuberculosis (11), Yersinia pestis (9), Shewanella baltica (8), 
Streptococcus pyogenes (7), Pseudomonas syringae (7), Salmonella typhimurium 
(6), Xanthomonas campestris (5), Mycobacterium tuberculosis (4), Yersinia enter-
ocolitica (3), Streptococcus agalactiae (3), Stenotrophomonas maltophilia (3), 
Pseudomonas putida (3), Staphylococcus haemolyticus (2), Streptomyces avermitilis 
(1), Streptococcus uberis (1), Listeria monocytogenes (1), Caulobacter sp. (1)). For 
functional diversity analysis, reads of each virome were assembled using MIRA74 
followed by ORF calling using FragGenScan75 and ORF clustering at 85% identity 
using CD-HIT76 to build protein cluster databases. We then performed BLASTx 
of reads against clusters databases to assess the number of reads assigned to each 
protein cluster. An OTU-like table was built using each cluster as a rank unit and 
read counts as abundance. Shannon (base e) indexes were calculated using the 
VEGAN package in R (http://cran.r-project.org/web/packages/vegan/index.html). 
Average viral genome size estimates were performed using GAAS77 and virome 
clustering was performed using crAss78.
Bioinformatic code availability. The following codes and parameters were used 
for each step of the viral functional diversity analysis:
Assembly parameters used in Mira:
minimum overlap = 30 and minimum relative score = 90. 
FragGeneScan code: ./run_FragGeneScan.pl -genome=[seq_file_name] -out= 
[output_file_name] -complete=0 -train=illumina_10. 
CD-HIT code: cd-hit –i [input fastafilename.faa] -o [outputfilename]_85 -c 0.85 -n 5 
CD-HIT output was used as database for BLASTx with virome reads, and output 
format 6 was parsed with the following python script to create rank-abundance tables: 
f="BlastOutput.txt" 
myfile=open(f) 
h={};temp="" 
for line in myfile: 
line=line.split() 
if temp!=line[0]: 
if line[1] not in h: 
h[line[1]]=0 
h[line[1]]+=1 
temp=line[0]
myfile.close()
Incubation experiments. Water samples were collected at Palmyra Atoll, a pristine 
coral reef in the central Pacific, and Mission Bay, a degraded embayment in San 
Diego, CA. Samples were twice filtered through 0.8 μm pre-combusted GF/F filters 
to remove protists. Palmyra water was subsampled in 100-ml aliquots and distrib-
uted in 12 Whirl-Pak bags (Cole-Parmer, IL, USA), divided into two experimental 
groups and one control, each one containing four randomly chosen replicate bags. 
For the two experimental groups we added a DOC cocktail containing 48 different 
labile carbon sources79 at the final concentration of 500 μM or 60 μM (+DOC 
treatment; Extended Data Fig. 3a), while no DOC was added to the control group 
(−DOC treatment; Extended Data Fig. 3a). Viral decay in microbe-free incubation 
bags was monitored as an additional control with 0.22 μm double-filtered water 
samples (Extended Data Fig. 3b). 1 ml samples were taken at times 0 h, 24 h, 48 h,  
72 h, and 120 h from each bag for cell and viral counts. Mission Bay water was 
filtered and separated in three groups as above. 250 ml aliquots were distributed 
in each bag and incubated with 0 μM, 1 μM or 100 μM final concentrations by 
DOC addition. Samples were taken at times 12 h, 24 h, 48 h, and 72 h for counts. All 
incubations were performed in the dark at 25 °C. Samples were fixed and analysed 
by epifluorescence microscopy as described above.
Statistical analysis. No statistical methods were used to predetermine sample 
size. Significance was determined using an alpha of 0.05 when direct counts data 
were compared, and using an alpha of 0.1 when analysing counts versus bioinfor-
matic analyses to account for the disparate nature of these data sets (although 95% 
prediction intervals are also shown). The relationship between microbial density 
and microbial diversity, CRISPR sequences, and competence genes were tested 
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for significant deviation from a slope of 0 by linear regression. The relationship 
between VLP and microbial densities in Figs 1a, 2 (all except the final panel show-
ing VMR), and 3a, c were tested for slopes significantly different to 1 by t-tests that 
tested the null hypothesis that the slope is not equal to 1 against the two-sided 
alternative; the corresponding P value is given for this test. The fdrtool package 
in R was used to provide false discovery rate-corrected (FDR) P values for the 
multiple comparisons conducted in Fig. 2 (Extended Data Table 1). Conclusions 
were similar between FDR and uncorrected analyses. Experimental data in  
Fig. 3 was complemented by average counts taken from previous studies3,31 using 
the WebPlotDigitizer tool. Data was taken from the nutrient added treatment of 
Hennes et al. (1995)31 as it was described as showing ‘lytic’ dynamics (Fig. 3c, d).  
Data from the ‘non-lytic’ 30%, 20%, 10%, and 3% dilutions by Wilcox and Fuhrman 
(1994)3 were used as they had encounter rates (the product of viral and host  
densities) ~1012 or less at the beginning of the incubations, described as the cutoff 
below which lytic dynamics were not sustained. A thin plate spline was applied to 
experimental and literature values for visualization and interpretation (Fig. 3b, d). 
While some data sets used to examine alternatives to PtW and published values in 
Figs 1c, d, 2, 3c, d, Extended Data Fig. 1a, and Extended Data Fig. 2, violated the 
assumptions of linear regression, this analysis was used for comparability. Robust 
regressions were used in Fig. 4 and Extended Data Fig. 4a analyses in order to 
accommodate high-leverage samples on parametric statistical models, allowing all 
samples to be retained in the analysis. Results are presented for robust regression 
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Extended Data Figure 1 | The observed decline in virus to microbe  
ratio with increasing host density is not supported by horizontal 
transfer (for example, of resistance genes) under conditions where 
strain diversity is predicted to rise. a, Host competence gene composition 
likely does not facilitate the expected rise in resistance to viral infection  

(n = 66; m = −0.25, t = −2.40, d.f. = 64, P = 0.02; R2 = 0.08; microbial 
abundance log-transformed; linear regression). b, Lysogeny may provide 
strain diversification similar to the co-evolutionary diversification 
predicted by Thingstad et al. (2014)9 nested-infection chemostat model.
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Extended Data Figure 2 | Meta-analysis of the frequency of lysogenic 
cells (FLC) from mitomycin C induction experiments yields ambiguous 
results. FLC from four published studies is plotted against total cell 
abundance. Although a sometimes-significant negative relationship exists 
at a within-study level (microbial abundance log-transformed; Muck  
et al. (2014)28, n = 9, m = −10.79, t = −1.76, d.f. = 7, P = 0.12; R2 = 0.31; 
Bongiorni et al. (2005)29, n = 4, m = −17.23, t = −1.91, d.f. = 2, P = 0.20; 
R2 = 0.65; Payet and Suttle (2013)4, n = 9, m = −48.31, t = −4.80, d.f. = 7, 
P = 1.96 × 10−3; R2 = 0.77; Williamson et al. (2002)30, n = 5, m = −26.08, 
t = −1.08, d.f. = 3, P = 0.36; R2 = 0.28; linear regression of each data set 
examined independently), when examined altogether across the full range 
of host abundances studied, no significant slope was observed (microbial 
abundance log-transformed; n = 27, m = −0.11, t = −0.04, d.f. = 25,  
P = 0.97; R2 = 5.94 × 10−5; linear regression of pooled data).
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Extended Data Figure 3 | Decline in virus to microbe ratio (VMR) 
observed in incubations with elevated host density over time, contrasted 
with published values and viral decay. a, Log-transformed VLP density 
in experimental incubations is plotted against microbial host density over 
time (dot size) with VMR indicated by dot colour. Data from Mission Bay 
(MB) and Palmyra (Pal) water with DOC added (+ DOC) or not (− DOC) 
is complemented by the nutrient-added ‘lytic’ system of Hennes et al. 
(1995)31 (H + Nutrients) as well as the ‘non-lytic’ dilutions (3%, 10%, 20%, 

and 30% final concentration seawater diluted by 0.02 μm filtered seawater) 
of Wilcox and Fuhrman (1994)3; WF 3% SW, WF 10% SW, WF 20% SW, 
WF 30% SW). n = 1 all incubations and published mean values.  
b, Significant viral decay was not observed in cell-free viral decay controls 
in incubation experiments (Palmyra: n = 4, m = 1.64 × 10−3, t = 1.48, 
d.f. = 2, P = 0.28; R2 = 0.52; Mission Bay: n = 6, m = 4.53 × 10−3, t = 1.87, 
d.f. = 4, P = 0.14; R2 = 0.47; linear regression with log-transformed viral 
density).
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Extended Data Figure 4 | Temperateness of viral communities increases 
with host density and viral functional composition change. a, The 
relative composition of provirus-like reads, normalized by total sequences 
in each sample, increases with host density in viral metagenomes  
(host density log-transformed; n = 24 independent measures). The linear 
equations and line of best fit from robust regression and bootstrapped 95% 

and 90% confidence intervals (CIs) for the slope are shown. Goodness 
of fit metrics are inappropriate for robust regression and are omitted. 
b, Viromes clustered by functional similarity (crAss cross-assembly), 
showing higher host density Pacific viromes (*) grouped away from lower 
host density Atlantic viromes (†); site names coloured by host density.
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Extended Data Table 1 | Summary of linear regression analyses of published microbial and viral counts

 
Data shown in Fig. 2. Slope, intercept and R2 are reported for each ecosystem, followed by the P value for two-tailed t-tests testing for slopes different from 1 and false discovery  
rates (FDR). Significant values are highlighted in bold. FDR-correction yielded similar results to uncorrected linear regressions.
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Extended Data Table 2 | Summary information on the post-quality control viromes analysed

Site, region sampled, the year samples were taken, sequencing platform, and the number of reads and base pairs (bp) in each virome are shown.
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Extended Data Table 3 | Summary of model II OLS, MA, and SMA regression analyses

The first column indicates the variables tested and the corresponding figures in the main text. Slopes, intercepts, confidence intervals and P values are shown. Rows with  
confidence intervals not covering 1 for Figs 1a and 2, or not covering 0 for Figs 1c, d, and 4, are significant.
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