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ABSTRACT The discovery of the numerical importance of viruses in a variety of (aquatic) ecosystems has changed our perception of their importance in microbial processes. Bacteria and Archaea undoubtedly represent the most abundant cellular life forms on Earth and past estimates of viral numbers (represented mainly by viruses infecting prokaryotes) have indicated abundances at least one order of magnitude higher than that of their cellular hosts. Such dominance has been reflected most often by the virus-to-prokaryote ratio (VPR), proposed as a proxy for the relationship between viral and prokaryotic communities. VPR values have been discussed in the literature to express viral numerical dominance (or absence of it) over their cellular hosts, but the ecological meaning and interpretation of this ratio has remained somewhat nebulous or contradictory. We gathered data from 210 publications (and additional unpublished data) on viral ecology with the aim of exploring VPR. The results are presented in three parts: the first consists of an overview of the minimal, maximal and calculated average VPR values in an extensive variety of different environments. Results indicate that VPR values fluctuate over six orders of magnitude, with variations observed within each ecosystem. The second part investigates the relationship between VPR and other indices, in order to assess whether VPR can provide insights into virus–host relationships. A positive relationship was found between VPR and viral abundance (VA), frequency of visibly infected cells (FVIC), burst size (BS), frequency of lysogenic cells (FLC) and chlorophyll a (Chl a) concentration. An inverse relationship was detected between VPR and prokaryotic abundance (PA) (in sediments), prokaryotic production (PP) and virus–host contact rates (VCR) as well as salinity and temperature. No significant relationship was found between VPR and viral production (VP), fraction of mortality from viral lysis (FMVL), viral decay rate (VDR), viral turnover (VT) or depth. Finally, we summarize our results by proposing two scenarios in two contrasting environments, based on current theories on viral ecology as well as the present results. We conclude that since VPR fluctuates in every habitat for different reasons, as it is linked to a multitude of factors related to virus–host dynamics, extreme caution should be used when inferring relationships between viruses and their hosts. Furthermore, we posit that the VPR is only useful in specific, controlled conditions, e.g. for the monitoring of fluctuations in viral and host abundance over time. Key words: virus, bacteria, prokaryote, relationships, aquatic ecosystems, VBR, VPR. CONTENTS I. Introduction: the virus-to-prokaryote ratio – definition and use in viral ecology . . . . . . . . . . . . . . . . . . . . . . . . . II. Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (1) Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (2) Conversions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (3) Meta-analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III. Viral abundance and vpr value distributions in different ecosystems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (1) Pelagic ecosystems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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I. INTRODUCTION: THE VIRUS-TO-PROKARYOTE RATIO – DEFINITION AND USE IN VIRAL ECOLOGY With the development of direct counting techniques (i.e. transmission electron and epifluorescence microscopy as well as flow cytometry) and the increasing number of studies on viral abundance in aquatic ecosystems (Weinbauer, 2004), it became apparent that the number of virus-like particles (VLPs) greatly exceeds those of bacterial (or prokaryotic) cells. This changed the prevailing view that the role of viruses in horizontal gene transfer was limited in aquatic ecosystems due to low viral and/or prokaryotic abundance (Wommack et al., 1992). The early work of Bergh et al. (1989) on the high incidence of viral particles in aquatic ecosystems reported abundances from 103 to 107 times higher than previously estimated (then obtained by plaque-forming unit counts). Although these authors reported both viral and bacterial abundances, the proportions between the two communities were not addressed. Subsequent publications presented the ratio between enumerated VLPs and bacteria to compare the relative viral activity of different samples (Ogunseitan, Sayler & Miller, 1990; Hara, Terauchi & Koike, 1991) and termed this the ‘virus-to-bacterium ratio’ (VBR) (Wommack et al., 1992). The VBR has been used to study the relationship between viruses and bacteria in the environment (Wommack & Colwell, 2000) and as an index to demonstrate the high/low incidence of viral particles compared to bacteria in a given ecosystem. Usually, high VBR values are attributed to high and ongoing viral dynamics. Conversely, low ratios have often been interpreted as diminished viral activity, absence of viruses or high viral decay rates. These interpretations have rested on the logical supposition that at steady state, the VBR reflects the balance of viral production (VP) and loss (Maranger & Bird, 1995; Williamson, 2011). Consequently, it has been posited that declines in VBR are due to viral loss, for example by non-specific adsorption to particles (Maranger Biological Reviews (2016) 000–000 © 2016 Cambridge Philosophical Society
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& Bird, 1995) or degradation after adsorption to humic substances (Anesio et al., 2004). Inversely, high VBR values have been attributed to high viral production (Middelboe et al., 2006; Kellogg, 2010; Yoshida-Takashima et al., 2012; Pinto, Larsen & Casper, 2013; Engelhardt et al., 2014; Parvathi et al., 2014) or low viral decay (Mei & Danovaro, 2004; Danovaro et al., 2005; Williamson et al., 2007; Winter, Kerros & Weinbauer, 2009; Maurice et al., 2010; De Corte et al., 2012), which in some cases (e.g. in soil and sediments) could be an artifact of extraction procedures (Middelboe, Glud & Finster, 2003; Williamson, Radosevich & Wommack, 2005; Kimura et al., 2008; Williamson, 2011). Trends in VBR and links with other variables (e.g. prokaryotic abundance, PA) have led to ambiguous interpretations due to apparently contradictory results. Several studies have reported a positive correlation between viral and prokaryotic abundance (e.g. Maranger & Bird, 1995; Weinbauer et al., 1995; Anesio et al., 2007; Danovaro et al., 2008b; Helton et al., 2012), suggesting coupling between prokaryotic production (PP) and that of viruses (Wommack & Colwell, 2000; Weinbauer, 2004). However, positive (Hara et al., 1996), negative/inverse (Wommack et al., 1992; Bratbak & Heldal, 1995; Tuomi et al., 1995; Nakayama et al., 2007; Personnic et al., 2009) and no (Peduzzi & Schiemer, 2004) relation have all been reported between prokaryotic abundance and VBR. To explain a positive correlation, a direct dependence of viral production on bacterial host abundance has been proposed, imposing additionally a possible selective pressure leading to a reduced volume of host cells (Hara et al., 1996). The inverse relationship, on the other hand, has been linked to high viral production, coupled with increased host lysis (e.g. during blooms), leading to high VBR values. Lower values would then be a result of the emergence of host cell resistance, leading to an increase in prokaryotic production and diminished viral production (Maranger, Bird & Juniper, 1994). Moreover, small VBR values have also been interpreted as a result of specific phage adsorption to host cells when host diversity is low, thus linking prokaryotic



Deciphering the virus-to-prokaryote ratio diversity to the ratio of microbial and viral abundances (Bratbak & Heldal, 1995; Tuomi et al., 1995). The lack of a well-defined index is also reflected, inter alia, by the use of diverse variants of the virus-to-bacterium ratio. These include both different spellings (without dashes, using a colon or the slash between words, etc.) as well as different terms such as the ‘virus-to-bacteria quotient (VBQ)’ (Bettarel et al., 2003) or the ‘phage-to-bacteria ratio (PBR)’ (Ogunseitan et al., 1990). The use of the term ‘VBR’ in initial microbial abundance studies was consistent with the prevailing view that prokaryotes were almost exclusively composed of heterotrophic bacteria. Initially, archaeal communities were thought to be typical of (or limited to) extreme environments; reports on the omnipresence of archaea in other environments became available only fairly recently (Chaban, Ng & Jarrell, 2006). This led to the introduction of terms such as ‘virus-to-prokaryote ratio (VPR)’ (De Corte et al., 2012) and ‘virus-to-cell ratio’ (Engelhardt et al., 2014; Pan et al., 2014). Herein, we suggest adoption of the term ‘virus-to-prokaryote ratio’ (VPR), as the most appropriate when considering the relative importance of bacterial and archaeal communities and the related virosphere, as compared to eukaryotic communities and their viruses [although use of ‘prokaryote’ to designate ‘non-eukaryotes’ remains controversial (Pace, 2006)]. The choice of term in any particular study, however, should be made according to the habitat and organisms involved. While several interpretations have been proposed for the different results concerning the VPR, there has not yet been, to the best of our knowledge, a study investigating clearly the relevance of the VPR to viral ecology. Despite this, the VPR is commonly used to infer the importance, or absence, of viral processes within an ecosystem. The purpose of this review is to investigate the link between the VPR and the environment, and also its relationship to other microbial and viral variables. Data from 210 articles and five unpublished studies were used in our analysis. The results are presented in three parts: the first consists of a survey of the VPR and viral abundances in different environments. The second discusses, through meta-analyses, the relationship between the VPR and other microbial parameters. Lastly, two scenarios (corresponding to two models of contrasting habitat types) are proposed to illustrate our findings.



3 data they contained with a priority on articles containing VPR values (184 out of the 210 publications and four out of five unpublished studies) and viral abundance data. Articles lacking information on VPR and viral numbers were discarded (e.g. reports with only prokaryotic abundance, but lacking data on viral numbers, etc.), as the focus was on the ratio between viruses and prokaryotes. When data of interest were not available in the analysed reports, authors were contacted for more details. When VPR values were not cited within a publication, they were calculated according to the viral and prokaryotic abundances provided therein. All data have been made available through 10.15454/1.4539792655245962E12 (Jacquet & Parikka, 2016). Data were retrieved from each publication and information was listed for the individual sites studied; information from more than one site was obtained from some studies. For each site, details were recorded of its sampling location and of physical, chemical and biological variables. Sites were classified according to their environment (e.g. pelagic, sedimentary, soil), ecosystem type (e.g. marine/freshwater, saline, hot spring, etc.), habitat type (e.g. lake, coastal, deep sea, etc.) and their trophic status (eu-/meso-/oligotrophic), when possible. (2) Conversions



II. METHODS



Reported units were converted when necessary to enable meta-analyses. For analysis, categories ‘highly eutrophic’ and ‘hypereutrophic’ were taken as ‘eutrophic’; ‘meso/eutrophic’ and ‘oligo/mesotrophic’ were taken as ‘mesotrophic’ and ‘ultraoligotrophic’ as ‘oligotrophic’. Viral and prokaryotic abundance values expressed in the original papers using different units were analysed separately when conversion was not possible: cm−3 and ml−1 were considered equivalent, but values expressed as g−1 were analysed separately. For bacterial (or prokaryotic) production (PP), data were expressed in the original publications in three ways (ml−1 h−1 ; pmol l−1 h−1 ; mgC ml−1 h−1 ) and these were analysed separately in our meta-analysis. Practical Salinity Unit (PSU) was considered as equivalent to parts-per-thousand (‰), as the accuracy of cited salinity in the analysed articles was inferior to the difference between the two methods of measurement. When reported values were given as minima or maxima in the original publications (using < and >), the mathematical signs were removed.



(1) Data



(3) Meta-analyses



Data from 210 articles and five unpublished studies were used in a meta-analysis. Articles were gathered using on-line databases (ScienceDirect, Wiley Online Library, Springer Link, PubMed and Google), using the key words ‘virus-to-prokaryote ratio’, ‘virus-to-bacterium ratio’, ‘VPR’, ‘VBR’ and ‘viral abundance’. Interesting reports were also found within the references of publications dealing with viral ecology. Publications were chosen according to the



For all analyses, data from each studied site were considered as an independent sample. When a range of values was given for a single site, the reported mean value was used in analyses or, in the absence of this, the median of the range was used. In Table 1, original minimum and maximum VPR values and abundances of viral particles and prokaryotic cells are given, together with mean values calculated from data for all sites. Biological Reviews (2016) 000–000 © 2016 Cambridge Philosophical Society
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26.5 (0.0075–2150) 17.2 (0.01–267.2) 28.5 (0.2–144.8) 9.1 (0.12–82.9) 27.5 (0.7–119) 5.9 (0.08–43) 5.6 (0.01–26.9) 14.3 (0.06–36.5)
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Marine Freshwater Saline Hot spring Ice Groundwater Aquatic snow Macrofaunal nests Pelagic
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2.86 × 10 (3.00 × 10 –7.92 × 10 ) 7.00 × 107 (1.20 × 104 –2.04 × 109 ) 4.99 × 108 (5.26 × 104 –7.90 × 109 ) 5.62 × 106 (1.00 × 104 –6.19 × 107 ) 2.39 × 107 (1.00 × 104 –1.50 × 108 ) 9.67 × 105 (2.85 × 104 –1.00 × 107 ) 1.95 × 1010 (1.00 × 105 –3.00 × 1011 ) 1.39 × 109 (5.80 × 107 –4.50 × 109 ) 8.70 × 109 (7.20 × 107 –1.31 × 1010 ) 8.77 × 109 (1.60 × 104 –3.80 × 1011 ) 1.28 × 109 (7.00 × 103 –1.62 × 1010 ) 6.87 × 109 (8.79 × 106 –2.20 × 1011 ) 1.06 × 1010 (4.71 × 106 –4.01 × 1010 ) 1.07 × 108 (6.00 × 104 –5.62 × 108 ) 1.46 × 109 (1.80 × 104 –6.86 × 109 ) 1.13 × 109 (8.53 × 106 –4.17 × 109 )



−1



ml 241 ml−1 223 ml−1 22 ml−1 46 ml−1 6 ml−1 11 ml−1 19 ml−1 3 g−1 3 ml−1 38 g−1 23 ml−1 33 g−1 2 ml−1 6 g−1 7 g−1 17
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2.16 × 10 (0.00–6.90 × 10 ) 1.33 × 107 (7.00 × 103 –8.00 × 108 ) 6.41 × 107 (3.90 × 104 –3.40 × 108 ) 7.42 × 105 (1.00 × 104 –4.30 × 106 ) 2.85 × 106 (4.60 × 104 –1.00 × 107 ) 2.29 × 105 (6.35 × 103 –1.92 × 106 ) 2.27 × 108 (8.00 × 104 –9.60 × 109 ) 6.93 × 103 (7.40 × 108 –1.70 × 1010 ) 3.16 × 108 (2.10 × 108 –3.79 × 108 ) 5.75 × 108 (1.80 × 105 –3.95 × 109 ) 2.39 × 108 (3.00 × 105 –1.13 × 109 ) 9.33 × 108 (1.00 × 107 –7.10 × 109 ) 2.54 × 109 (1.85 × 107 –1.28 × 1010 ) 1.10 × 107 (8.90 × 103 –6.17 × 107 ) 4.45 × 108 (3.20 × 105 –2.67 × 109 ) 1.60 × 109 (3.50 × 104 –4.50 × 109 )



−1



ml 211 ml−1 202 ml−1 16 ml−1 46 ml−1 3 ml−1 11 ml−1 15 ml−1 2 g−1 3 ml−1 32 g−1 20 ml−1 31 g−1 2 ml−1 6 g−1 7 g−1 15



N VPR Mean (min–max) N Unit Prokaryotic abundance (PA) Mean (min–max) N Unit VLP abundance (VA) Mean (min–max) Ecosystem type Environment



Table 1. Virus-like particle (VLP) abundance, prokaryotic abundance and virus-to-prokaryote ratio (VPR) values in different ecosystems. N = number of sites
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All data were tested for normality using the Shapiro–Wilks test. Non-parametric Spearman’s rank correlation coefficients were calculated to assess relationships between VPR and other biological and environmental variables. For comparisons of biological variables among trophic levels, a non-parametric Mann–Whitney U-test was used. III. VIRAL ABUNDANCE AND VPR VALUE DISTRIBUTIONS IN DIFFERENT ECOSYSTEMS Estimates of viral abundances of 1.2 × 1030 particles in the open ocean, 2.6 × 1030 in soils, 3.5 × 1030 in the oceanic sub-surface and between 0.25 and 2.5 × 1031 in the terrestrial subsurface (Whitman, Coleman & Wiebe, 1998; Mokili, Rohwer & Dutilh, 2012) have been reported, giving a total of 1031 –1032 particles for the whole virosphere (Krupovic & Bamford, 2008). These estimates are based on the supposition that viruses outnumber their prokaryotic hosts by roughly an order of magnitude (Wommack & Colwell, 2000). However, our review of 210 articles clearly indicates that the numerical dominance of VLPs compared to prokaryotes is highly heterogeneous. Our analysis (Table 1) reveals a wide range of VPR values from 0.001 (Yanagawa et al., 2014) to 8200 (Williamson et al., 2007), thus varying over six orders of magnitude. Mean VPR values for a variety of ecosystems, on the other hand, vary between 5.6 and 28.5 (Table 1, Fig. 1), with the exception of the soil ecosystem, which has an exceptionally high mean VPR of 704. (1) Pelagic ecosystems (a) Marine and freshwater Most studies on natural viral abundance have been conducted in the water column of aquatic (and more specifically pelagic) ecosystems (Table 1). Previous reports describe VLP abundances ranging from scarcely detectable (1000 m) Waterflow/river Reservoir/dam Floodplain/oxbow lake Cryoconite/meltwater Lake/pond



Mean 3.96 × 10 6.56 × 107 9.68 × 106 1.59 × 106 5.56 × 107 2.82 × 107 3.52 × 107 4.12 × 106 7.46 × 107 7



Aquatic marine and freshwater ecosystems are characterized by VPR values ranging between 0.008 (Proctor & Fuhrman, 1990) and 2150 (Clasen et al., 2008) (Table 1), giving an overall average of 21.9. The apparent trend, based on average viral and prokaryotic abundances (Table 2), suggests higher mean VPR values in the open ocean and offshore, as well as in deep-sea waters, when compared to coastal and estuarine waters, as reported in previous reviews. This might appear surprising as higher viral numbers might be expected to give rise to higher VPR values, but is presumably due to differences in prokaryotic abundance. As coastal and estuary waters are more productive than offshore waters, high viral abundances will be accompanied by disproportionately high prokaryotic numbers, resulting in a lower VPR. Another potential explanation for the lower VPR is higher viral loss in coastal and estuarine waters compared to the open ocean. Viral loss can result, among other things, from virivory (i.e. grazing by nanoflagellates) (Gonz´ales & Suttle, 1993; Bettarel et al., 2005), adsorption to particulate matter (Hewson & Fuhrman, 2003), temperature (Garza & Suttle, 1998; Bettarel, Bouvier & Bouvy, 2009) and degradation by heat-labile organic matter (e.g. enzymes) (Noble & Fuhrman, 1997). It is thus conceivable that in eutrophic and turbid environments viral loss is higher compared to the open ocean, resulting in lower VPR values. Viral decay is also likely to be lower in deep-sea waters due to diminished effects of temperature and sunlight (Parada et al., 2007). Minimum VPR values reported for freshwater and marine habitats are similar, but the maximum reported VPR values in marine systems are one order of magnitude greater than those of freshwater systems (Table 1; Fig. 1). Although VPR values vary over six orders of magnitude within aquatic ecosystems, most reported values fall between 1 and 50. Previous authors have reported higher average mean VPR values for freshwater habitats as compared to marine habitats (20 versus 10, respectively) (Maranger & Bird, 1995; Weinbauer, 2004), but our literature survey suggests the opposite trend with a significantly higher mean VPR of 26.5 for marine and 17.2 for freshwater habitats (P = 0.009, N = 233 and 229, respectively) (Tables 2 and 3). These values suggest that freshwater habitats have relatively Biological Reviews (2016) 000–000 © 2016 Cambridge Philosophical Society
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97 21 101 28 17 11 10 4 179



2.67 × 10 6.88 × 106 7.75 × 105 1.59 × 105 4.85 × 106 3.22 × 106 2.99 × 106 2.63 × 105 1.42 × 107 6



VPR



N



Mean



N



80 19 93 27 16 5 10 3 166



20.72 11.35 38.07 28.45 9.38 10.17 11.50 16.66 18.84



98 19 97 28 16 10 16 4 181



higher prokaryotic numbers compared to marine ecosystems, presumably due to higher prokaryotic production and/or higher viral loss. A higher photosynthetic biomass in freshwater than in marine habitats (Maranger & Bird, 1995; Clasen et al., 2008) makes it possible that prokaryotic counts are affected by autotrophic cellular abundance, causing a lower VPR. Freshwater habitats are also more impacted by human activities that introduce substances from terrestrial environments, such as chemicals and clay, which could increase the removal of viral particles (Clasen et al., 2008) and hence increase viral loss in freshwater systems. (b) Extreme environments Following the development of microbial ecology in recent decades, new possible niches have been explored, such as so-called ‘extreme environments’. Although organisms from all three domains of life are found in extreme environments, bacteria and especially archaea are particularly abundant in the harshest environments. Viral numbers from undetectable levels up to 109 particles ml−1 have been documented (Le Romancer et al., 2007) possibly mainly comprising archaeoviruses (Prangishvili, Forterre & Garrett, 2006). Although modern technology means that increasing amounts of data are available on viruses in these environments, still little remains known about their ecology. Extreme environments comprise highly diverse habitats, from terrestrial hot springs, salterns or alkaline lakes to deep-sea hydrothermal vents, deep subsurface sediments or polar inland waters and sea-ice. Lakes and sea-ice have been studied in both Polar Regions of the earth. Although these habitats share low temperatures, highly diverse ecosystems can be found, including freshwater, brackish, saline and hypersaline lakes, as well as brine, fast-ice and sea-ice. Less-common water features are cryolakes and epishelf lakes, the latter being almost unique to Antarctica where only 2% of the continent is ice-free (Laybourn-Parry et al., 2013). Ice remains a poorly explored ecosystem type. Within the ‘ice’ habitats, the best studied are sea-ice (Maranger et al., 1994; Gowing et al., 2004), fast-ice (Paterson & Laybourn-Parry, 2012), oligotrophic glacier ice and cryoconite hole water
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Table 3. Comparisons of means of virus-to-prokaryote ratio (VPR) values in different ecosystems. Significant (P < 0.05) values (Mann-Whitney test) are in bold. N = 233, 229, 20, 46, and 11 for aquatic marine, freshwater, saline, hot spring and groundwater, respectively. N = 58, 38, 13, 15 and 29 for sedimentary marine, freshwater, extreme (hot spring/saline) and soil, respectively. N = 6 and 29 for ice and organic habitats (i.e. aquatic snow and macrofaunal nests), respectively. aq., aquatic; hab., habitat; sed., sediment VPR Marine (aq.) Freshwater (aq.) Saline Hot spring Groundwater Marine (sed.) Freshwater (sed.) Extreme (sed.) Soil Ice Organic hab. All aq.



Marine Freshwater Hot Marine Freshwater Extreme (aq.) (aq.) Saline spring Groundwater (sed.) (sed.) (sed.) Soil −—
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