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            Abstract
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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                    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.[image: ]


Figure 2: The relative decline in virus-like particles (VLPs) with increasing host density is common in disparate environmental systems.[image: ]


Figure 3: Density dependence does not drive viral predation.[image: ]


Figure 4: Temperate features in viromes increase with host density.[image: ]
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Extended data figures and tables

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.

Source data



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).

Source data



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).

Source data



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.

Source data



Extended Data Table 1 Summary of linear regression analyses of published microbial and viral countsFull size table


Extended Data Table 2 Summary information on the post-quality control viromes analysedFull size table


Extended Data Table 3 Summary of model II OLS, MA, and SMA regression analysesFull size table
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