
Viruses in marine environments have received consider-
able attention over the past 2 decades. The lysis of host 
cells by marine viruses releases dissolved organic matter 
(DOM) and particulate organic matter (POM) back into 
the environment, where it can be assimilated by micro-
organisms or exported from surface waters to the deep 
ocean. This process of virus-mediated recycling of 
organic matter — which is known as the ‘viral shunt’ — 
is at the centre of many discussions concerning marine 
geochemical cycles1–5. Indeed, viruses are major drivers 
of the mortality of both phytoplankton and heterotrophic 
bacteria5. The lysis of bacterial cells by viruses (that is, by 
bacteriophages) and the lysis of eukaryotic host cells 
by viruses releases previously cell-bound organic mate-
rial that might facilitate the growth of the remaining  
community members6–8 (FIG. 1).

Prior efforts to characterize the viral shunt have 
mainly focused on the amount of organic material that 
is released by the lysis of microbial host cells, using car-
bon as a ‘proxy currency’. Here we focus on the often 
overlooked fact that the organic matter that is released 
following cell lysis includes virus particles. Although 
previous work did consider the mass of virus particles, 
the focus was mainly on the carbon content; for exam-
ple, Wilhelm and Suttle1 estimated that marine viruses 
contained 0.2 fg carbon per virus particle, and this esti-
mate has been carried forward in other studies5,9. Stew-
ard et al.10 more recently estimated that marine viruses 

contained 0.055 fg carbon per virus particle by assum-
ing that viruses are composed of equal parts DNA and 
protein11 and leveraging the distributions of lengths of 
marine virus genomes. Viruses differ in capsid size and 
structure as well as in genome sequence, and these mark-
edly different estimates of the carbon content of virus 
particles (0.055–0.2 fg carbon per particle) might reflect 
the inherent variability across a range of virus types 
within a community. However, irrespective of this vari-
ation,  marine virus particles are substantially smaller 
— in terms of overall mass — than their bacterial hosts; 
for example, for cyanobacteria, the amount of carbon 
per cell has been estimated to be between 50 fg per cell 
and 250 fg per cell12, and for heterotrophic bacteria, the 
estimated range is 20–100 fg per cell13. In both cases, a 
bacterial cell is predicted to contain at least two orders of 
magnitude more carbon than a virus particle. It is there-
fore not surprising that the relative contribution of virus 
particles to the total magnitude of the viral shunt and 
dissolved organic carbon (DOC) reservoirs has not been 
highlighted previously. However, ignoring the content 
and contribution of virus particles could become more 
problematic when we turn our attention to nitrogen and 
phosphorus.

The baseline for studies of the elemental stoichi
ometry of marine microorganisms was established more 
than 60 years ago by Alfred Redfield, who estimated that 
marine plankton (and organic marine detritus) have a 
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Heterotrophic bacteria
Bacteria that use organic 
carbon compounds to satisfy 
nutritional requirements.

carbon/nitrogen/phosphorus (C/N/P) ratio of 106/16/1 
(REF. 14). The Redfield ratio remains the foundation for 
studies of the elemental composition of marine micro-
organisms and organic matter, particularly in the deep 
oceans4,15. Indeed, the observed elemental ratios can vary 
greatly with the component of marine organic biomass 
that is under consideration; for example, estimates of 
C/N/P for marine heterotrophic bacteria are reported 
to be around 69/16/1 (REF. 5), and measurements for 
individual cyanobacterial isolates include 46/10/1 (for 
Prochlorococcus sp. MED4 under phosphorus‑replete 
conditions) and 301/49/1 (for Synechococcus sp. 
WH8013 under phosphorus‑limited conditions)12. Thus, 
the elemental stoichiometry of bacterial cells varies with 
taxa and growth conditions and often differs substan-
tially from the Redfield ratio (reviewed in REF. 16). Virus 
particles do not require the same relative investment 
in carbon for structural integrity and other functions 
as their hosts, as they are predominantly composed of 
proteins and nucleic acids (although many eukaryotic 
viruses17 and a few bacteriophages18,19 contain lipids). 
Proteins are enriched in nitrogen and nucleic acids are 
enriched in both nitrogen and phosphorus compared 
with the typical contents of a microbial cell. Hence, it 
should be expected that virus particles are enriched in 
both nitrogen and phosphorus relative to carbon when 
compared with microorganisms. We are aware of only 
one previous example in which the entire carbon, nitro-
gen and phosphorus content of a virus was enumerated: 
the elemental stoichiometry of Paramecium bursaria 
Chlorella virus 1 (PBCV1), which is a relatively large 
virus that infects the freshwater alga Chlorella NC64A, 
was estimated to be 17/5/1 (REF. 20). Calculating the 
elemental stoichiometry of PBCV1 was intended to test 
the consequences of stoichiometric differences between 

the virus and its algal host. However, neither the elemen-
tal content of virus particles nor the fraction of dissolved 
organic nitrogen (DON) and dissolved organic phos-
phorus (DOP) that is partitioned in viral populations 
has been systematically studied so far.

In this Analysis article, we use an ab initio approach 
to predict the elemental content of virus particles, with 
a focus on bacteriophages. This unified biophysical and 
biochemical model is generalizable and enables the 
prediction of the elemental content and ratios that are 
present in bacteriophage particles of varying sizes. We 
leverage this model to estimate how much of the carbon, 
nitrogen and phosphorus that is released following the 
phage-induced lysis of an individual bacterial host cell 
is bound in cellular debris and how much is integrated 
in progeny bacteriophage particles. Then, we scale up 
these particle-level estimates to estimate the amount of 
the DOC, DON and DOP that is partitioned in virus 
populations in marine surface waters in order to begin 
to quantify the relevance of virus particles to marine  
biogeochemical pools and fluxes.

The elemental composition of virus particles
Virus particles are commonly composed of a head and, 
in some cases, a tail. The two major components of the 
head are the capsid, which comprises a protein shell 
that is usually one single protein layer thick21, and the 
genetic material that is packed inside it, which is either 
DNA or RNA. In this section, we use a geometric model 
of the viral head to estimate the number of macromol-
ecules that comprises each of its components, that is, 
the number of proteins in the capsid and the number 
of nucleotides in the genetic material. We focus on dou-
ble-stranded, icosahedral and spherical DNA bacterio-
phages that do not contain lipids, but the model could 
be extended to consider different viral shapes or types.

The basis for our model is an approximation of the 
virus head as a spherical shell with a fraction of its inter-
nal volume filled by DNA (FIG. 2a). The spherical shell 
can be described in terms of its external radius, which 
denotes the distance from the centre of the capsid to 
its outer boundary. The expected number of base pairs 
inside the capsid, is:

n �ll �llv 4 3π ( )= =ic
vbp 3vbp

bp r hc –
		     

(1)

where vic is the volume inside the capsid, fill is the vol-
ume-filling fraction of the DNA inside the capsid, h is 
the thickness of the capsid and vbp is the volume of a 
base pair.

To estimate the quantity of proteins in the capsid, 
each with average volume, we assume that the capsid 
is a spherical shell that has a uniform thickness taking 
up a volume. The expected number of capsid proteins is:

n v 4 3π ( ( ) )= =c
vpr 3vpr

pr r hc
3rc– –

		      
(2)

An expression for the number of proteins as a func-
tion of the number of base pairs can be obtained using 
equation 1 to obtain rc as a function of nbp and substi-
tuting this result into equation 2. It can be seen from 
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Cyanobacteria
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compounds into organic 
carbon compounds.
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equation 1 and equation 2 that the number of proteins 
in the capsid scales, to leading order, with the square of 
the viral radius — that is, the number of proteins in the 
capsid is proportional to the capsid surface area — and 
that the number of nucleotides scales, to leading order, 
with the cube of the viral radius — that is, the number 
of nucleotides is proportional to the internal volume 
of the capsid (FIG. 2a). This size-dependent scaling of 
macromolecular content is crucial to characterize the 
size-dependent scaling of elemental content within virus 
particles. To complete our biophysical scaling model of 
the elemental stoichiometry of virus heads, we incorpo-
rated the average elemental composition of proteins and 
nucleotides (proteins contain carbon and nitrogen but 
not phosphorus, whereas DNA (and RNA) contains car-
bon, nitrogen and phosphorus (FIG. 2b)). A complete list 
of biophysical and biochemical constants can be found 
in Supplementary information S1 (box); the raw data 

supporting the calculations in the box are available in 
Supplementary information S2 (table), Supplementary 
information S3 (table) and Supplementary information 
S4 (table).

Our estimates of the elemental content in virus tails 
follow a similar logic. The virus tail, when present, is 
comprised of tyre-shaped protein subunits. Hence, 
we approximate the tail structure as a hollow cylinder 
with outside radius rt, fixed thickness ht, and length lt. 
The number of proteins in the tail is then estimated by 
dividing the tail volume by the volume of a protein. The 
abundance of carbon and nitrogen atoms in the tail is the 
product of the number of proteins and the average car-
bon and nitrogen content of proteins; unlike virus heads, 
virus tails should not contribute to the total phosphorus 
content of virus particles (for details of the calculation, 
see Supplementary information S1 (box)).

Elemental stoichiometry depends on virus size
The theoretical model predictions for the elemental 
composition of viral heads were validated using data for 
seven bacteriophages that infect either heterotrophic 
bacteria or cyanobacteria (TABLE 1). These bacteriophages 
were chosen as complete genome sequences, structural 
characterization (that is, the full complement of viral 
head proteins and their stoichiometry) and the amino 
acid sequences for all of the head protein components 
were publicly available. The elemental composition of 
each bacteriophage particle was calculated from the 
genome sequence (carbon, nitrogen and phosphorus) 
and the protein stoichiometry and amino acid con-
tent of each protein in the capsid (carbon and nitrogen 
only). The predictions of elemental abundance that were 
obtained using the biophysical scaling model strongly 
agreed with those that were directly measured for the 
seven reference phage heads (FIG. 2c; TABLE 1; Supple-
mentary information S1 (box)), which suggests that the 
model can be used to predict the size-dependence of the 
elemental stoichiometry of intact virus particles.

To evaluate contributions from viral tails, the car-
bon, nitrogen and phosphorus content was calculated 
for three viruses (T4, N4 and Syn5) for which there is 
detailed structural information available about both the 
head and tail (Supplementary information S1 (box)). 
Tail inclusion modestly increased the total carbon 
and nitrogen content but not the phosphorus content 
(Supplementary information S1 (box)). Thus, consider-
ing the head size (or genome length) alone will lead to 
underestimates of ~2–14% for total carbon and nitrogen 
content in viral particles, and the degree of underestima-
tion depends on the size of the tail relative to the head. 
The ratio of tail to head size can be quantified when 
quantitative transmission electron microscopy (qTEM) data 
are available (Supplementary information S1 (box)).

As is apparent, the elemental content of virus particles 
will scale with size. To account for this effect in the case 
of virus heads, our biophysical model assumes that the 
capsid surface layer is composed of proteins, and hence 
the total number of proteins scales, approximately, with 
the genome length raised to the power of two-thirds. 
Large viruses will have relatively higher proportions of 
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phosphorus contents for different viral heads. The protein compositions of the capsids 
were obtained from the following references: T4 (REF. 84), N4 (REF. 79), Syn5 (REF. 80),   
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The basis for model error estimates (dashed lines) is detailed in Supplementary 
information S1 (box). The estimate of the scaling between genome length and virus 
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phosphorus, as the number of phosphorus atoms scales 
with the number of nucleotides. As large viruses (viruses 
that have capsid diameters that are greater than 100 nm) 
are considered, the elemental ratios of the virus parti-
cles would approach the elemental ratios of their nucleic 
acids asymptotically. Considering only C/N ratios ini-
tially, viruses of any size are predicted to have ratios that 
are similar to that of their DNA (FIG. 3). By contrast, when 
considering N/P ratios, virus size matters — the N/P 
ratios of large viruses are predicted to be similar to that 
of their DNA, whereas the N/P ratios of small viruses are 
predicted to approach the Redfield ratio (FIG. 3).

Stoichiometric mismatch between virus and host
Virus-induced host cell lysis releases virus particles and 
cellular debris into the environment; cellular debris is 
released in the form of DOM and POM. It has been 
suggested that the elemental stoichiometry of the lysed 

contents may be different from that of the original host 
cell5,22. The difference in the elemental contents of viruses 
and their hosts (an example of ‘stoichiometric mismatch’ 
(REF. 16)) has the potential to drive the differential release 
of nutrients following cell lysis. In this section, we use 
our scaling model for viral C/N/P to consider the role 
of virus-mediated lysis in transforming the elemental 
stoichiometry of released organic matter into two com-
ponents that have potentially different stoichiometries 
and proportions: cellular debris and virus particles.

The amount of material that is released following cell 
lysis can be predicted on the basis of the following prin-
ciple of conservation of elements:

β= +–Xlysis Xvirus XacquiredXhost 		      (3)

where X is the element of interest and β is the burst size 
(that is, the number of virus particles that is released from 
each lysed host cell). The subscripts denote the elemen-
tal content that is released as cellular debris (Xlysis), the 
content that is released in each virus particle (Xvirus), the 
content that is found in the original host (Xhost) and the 
content that is acquired (by uptake or fixation) after infec-
tion but before lysis (Xacquired). We expect that Xacquired >0, as 
it is known that both resource uptake and fixation occur 
during viral infection and that viruses can repurpose and 
modify the uptake rates of nutrients; for example, phos-
phorus is a common limiting nutrient for marine cyano-
bacteria Prochlorococcus spp. and Synechococcus spp. (as 
can be assessed via the diagnostic product of the pstS 
gene (REF. 23)). Some cyanophage genomes that have 
been isolated from phosphorus‑depleted ocean waters 
contain the pstS gene (REFS 24, 25), and laboratory experi-
ments have shown that cyanophages can upregulate pstS 
expression to increase the acquisition of phosphorus 
during infection26. Thus, cyanophage manipulation of 
the host phosphorus status is crucial to the elemental 
stoichiometry of the virus-infected cyanobacterial host 
cell. However, specific predictions for a host–virus sys-
tem that result from equation 3 would require measure-
ments of Xacquired, and such data are not broadly available. 
Below, we consider a series of limit cases in order to 
gauge the sensitivity of our predictions to variations in 
post-infection uptake.

Figure 3 | Theoretical prediction of elemental 
stoichiometry for viruses.  We compare the predicted 
C/N and N/P ratios for viruses (solid black line) with the 
ratios that are expected for DNA, marine phytoplankton (as 
per the Redfield ratio) and heterotrophic microorganisms. 
The theoretical curve (solid black line) denotes the 
predicted stoichiometry for viruses that have capsid 
diameters in the range of 20 nm to 300 nm. The 
stoichiometry of three representative viruses that have 
capsid diameters of 20 nm, 30 nm and 100 nm is shown.

Table 1 | Elemental composition, genome lengths and radii of selected viral heads

Virus Carbon 
(atoms)

Nitrogen 
(atoms)

Phosphorus 
(atoms)

C/N/P* Genome length 
(bp)‡

Radius (nm) Refs

Enterobacteria phage T4 7,339,851 2,309,461 337,806 22.3/ 6.6/ 1 168,903 46.3§ 78, 84

Escherichia spp. phage N4 2,765,271 891,989 140,306 17.9/ 5.9/ 1 70,153 34.8 79

Synechococcus  phage Syn5 1,664,612 563,058 92,428 17.3/ 5.9/ 1 46,214 30 80

Enterobacteria phage λ 1,897,088 621,823 97,004 19.2/6.3/1 48,502 31.5 21, 78

Enterobacteria phage HK97 1,640,059 536,465 79,464 20.6/6.8/1 39,732 33 81

Enterobacteria phage T7 1,550,638 517,474 79,874 18.1/6.1/1 39,937 30 21, 82

Bacillus spp. phage Φ29 1,058,584 326,209 38,564 23.3/7.3/1 19,282 22.8§ 83

*Composition based on sequence information and experimentally validated stoichiometry of structural proteins. ‡The GenBank accession numbers of the DNA 
sequences are: NC_000866.4 (T4), NC_008720.1 (N4), NC_009531.1 (Syn5), NC_001416.1 (λ), NC_002167.1 (HK97), NC_001604.1 (T7), NC_011048 (φ29). §The 
reported radius is equivalent to that of the sphere with the same volume as an ellipsoid with the dimensions of the corresponding phage prolate head. 
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In the first limit case, we assume that no extracellular 
elements are obtained during the production of virus 
particles, that is, virus particles are assembled solely from 
organic materials that are already present in the host at 
the time of infection (that is, Xacquired ~0). This condition 
is likely to be relevant for some marine viruses; for exam-
ple, studies of marine bacteriophage genome synthesis 
using radioactively labelled phosphorus found that “the 
majority of nucleotides used during phage DNA syn-
thesis were derived from degraded nucleic acids (that 
is, DNA and RNA) of the host cell” (REF. 27). Under this 
scenario, how much carbon, nitrogen and phosphorus 
would be released as cellular debris?

To answer this, we considered a hypothetical sce-
nario in which a podovirus with a capsid diameter 
of 70 nm and burst size of 40 infected distinct cyano-
bacterial strains (FIG. 4a). We focus on three specific 
host systems: the cyanobacteria Prochlorococcus sp. 
MED4, Synechococcus sp. WH8012 and Synechococcus 
sp. WH8103, for which the total dry masses of car-
bon, nitrogen and phosphorus have been measured 
in axenic cultures using both phosphorus‑replete and 
phosphorus‑limited culture conditions12. We then used 

equation 3 (where Xacquired = 0) to estimate the abundance 
of carbon, nitrogen and phosphorus contained within 
virus particles relative to the total carbon, nitrogen and 
phosphorus in the lysate (FIG. 4b).

For all three virus–host pairs, the predicted relative 
abundance of carbon and nitrogen in the lysate is close 
to 1, which indicates that most host-derived organic car-
bon and nitrogen was released as cellular debris rather 
than bound in virus particles. By contrast, phosphorus 
was predicted to be mostly bound within virus particles. 
For phosphorus‑limited Prochlorococcus sp. MED4, the 
model predicts that 87% of the original phosphorus con-
tent of the cells would be converted into virus particles 
and only 13% would be released in the non-viral com-
ponent. Although under phosphorus‑replete conditions 
Prochlorococcus sp. MED4 (FIG. 3a) had a C/N/P ratio of 
~120.5/21.2/1, the current model conditions predict that 
virus particles would have a C/N/P ratio of ~17.2/5.9/1 
and the remaining cellular debris would have a C/N/P 
ratio of ~171.9/28.8/1. Hence, in the absence of phospho-
rus uptake by the infected host, the cellular materials that 
are released as debris (and are not bound in viruses) will 
be depleted in phosphorus relative to carbon and nitro-
gen; how much so will depend on the elemental content 
of the host (and the elemental availability), the size of the 
virus and the burst size. Indeed, when virus particles are 
predominantly synthesized from host elements that are 
available before infection, burst sizes are likely to decrease 
in nutrient-poor hosts; for example, smaller virus burst 
sizes were observed when the algal virus PBCV1 infected 
‘poor-quality’ algal hosts (that is, hosts that had a high 
C/P ratio)20. A similar phenomenon of reduced lysis (and, 
consequently, an increased incidence of lysogeny) has 
been observed during infections of phosphorus‑limited 
Synechococcus sp. WH7803 hosts28.

To contrast this scenario, we considered a second limit 
case in which virus particles are produced from elemental 
pools that are acquired post-infection (whereby βXvirus = 
Xacquired). In this scenario, there would be no change in 
the elemental stoichiometry of lysed materials that were 
not bound within virus particles. The reality is probably 
somewhere between these two limit cases; for example, 
formative studies of DNA synthesis in T‑even phage 
infecting Escherichia coli suggested that new assimilation 
of phosphorus during infection is common, although 
host nucleic acids are also used for virus synthesis29,30. 
In cyanobacteria, the assimilation of inorganic matter 
that is associated with viral infection augments nutri-
ent pools that are already available in the host cell24–26. 
The potential degree to which virus particles are formed 
from pre-existing or newly acquired elements can be 
characterized in terms of the elemental independence 
of the virus (EX), such that EX approaches 0 if the virus 
uses only host elements and acquires all of the elements  
that are used in production of virus particles during 
infection. This index can be estimated by measuring:
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Figure 4 | Virus-induced transformation of elemental content in cellular debris 
following lysis.  a | After lysis, the contents of a host are released as virus particles and 
other cellular debris (that is, the lysate). The relative carbon, nitrogen and phosphorus 
levels in the virus particles and the lysate are shown in bars; the bar height is normalized 
in each case by the total amount of the element in the host. Bar heights are based on the 
hypothetical infection of Prochlorococcus sp. MED4 host under phosphorus‑replete 
conditions by a podovirus with 70 nm diameter head. Note that, in fact, the total carbon, 
nitrogen and phosphorus content differs between the host and the virus (FIG. 3). 
b | Predictions of the model of elemental transformation as applied to a viral infection of 
three marine cyanobacteria. The fraction of the host element in the lysate in each panel 
is normalized by the elemental content of the respective host. The x axis denotes culture 
conditions from phosphorus‑limited (0) to phosphorus‑replete (1) (REF. 12). 
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Oligotrophic
A term used to describe an 
aquatic environment that has 
low levels of nutrients and 
photosynthetic production (for 
example, the open ocean).

If the EX of a virus approaches 1, then the stoichiometry 
of released cellular debris should approach that of the 
original host cell stoichiometry.

These two limit cases show that the extent to which 
viruses change the stoichiometry of cellular debris 
depends on differences between their stoichiometry and 
the stoichiometry of their host as well as their elemental 
independence. Although previous experimental stud-
ies showed that cellular debris that is released follow-
ing lysis stimulates the growth of non-targeted cells6–8 
(probably owing to the increased bioavailability of car-
bon (REF. 31), nitrogen (REF. 32) and iron (REF. 33)), our 
model predicts that the lysate tends to be depleted in 
nutrients relative to the host (the tendency can be char-
acterized in terms of the parameter EX). This cellular 
debris may be a source of refractory matter that is rela-
tively low in phosphorus and is not repurposed for viral 
production. These observations lay the groundwork 
for future hypothesis testing in ecologically important 
model systems (for example, in abundant viruses that 
infect pelagibacteria, cyanobacteria and roseobacteria34) 
to determine how viruses transform cellular material 
into recalcitrant organic matter4. Such data would be 
invaluable for constraining the range of predictions of 
our model regarding the relative elemental content 
of cellular debris and virus particles that are released  
following lysis.

Marine virus particles and elemental reservoirs
The total abundance of elements in marine viruses is a 
product of the abundance of viruses and their per-par-
ticle elemental content, both of which can vary across 
space and time. Marine virus densities range from 108 
virus particles per litre in oligotrophic systems to more 
than 1011 virus particles per litre in highly productive 
environments35–37. Viruses (in general) and marine 
viruses (in particular) can vary substantially in genome 

length and particle size and, consequently, in elemental 
content (FIG. 2; Supplementary information S1 (box)). 
However, to extrapolate from particle-scale results to the 
population scale, variation in the sizes of marine virus 
particles must be taken into account.

We first examined the expected phosphorus content 
of marine virus populations. In FIG. 5a, we show the 
predicted DOP concentration (in nmol per litre) that 
is bound in virus populations if virus densities are in 
the range of 108 to 1011 virus particles per litre and virus 
capsid sizes are 30–100 nm. Likewise, in FIG. 5b, we show 
the predicted DOP concentration (in nmol per litre) that 
is bound in virus populations, using the same range of 
virus densities but considering ranges of virus genomes 
from 4.1 kb to 220 kb (as derived on the basis of our scal-
ing model). The total DOP content of a virus population 
that comprises identically sized virus particles ranges 
from less than 0.1 nM (in the limit of low densities and 
small particles) to greater than 40 nM (in the limit of 
high densities and large particles). However, we can nar-
row this range on the basis of the global qTEM survey of 
marine viruses by Brum et al.38. This qTEM study found 
that most virus capsids have diameters of 50–70 nm and 
that individual capsid diameters range from 20 nm to 
200 nm (REF. 38). Restricting our extrapolation to popula-
tions that have average capsid diameters in the 50 nm to 
70 nm range, we predict a range of 0.0025 fg to 0.0074 fg 
phosphorus per particle. Hence, as marine virus densi-
ties range from 108 virus particles per litre to 1011 virus 
particles per litre, we predict that marine virus popula-
tions contain 0.0079–24 nM DOP. These predictions rely 
on our model of virus heads only, as any underestimates 
of elemental content owing to contributions from virus 
tails would affect carbon and nitrogen predictions but 
not phosphorus predictions.

By means of comparison, DOP estimates across mul-
tiple oceanic realms, including the Alaskan Gyre, North 
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Figure 5 | Predicted DOP concentration in viral populations as a function of viral density and virus size.  a | Virus 
size is quantified in terms of mean capsid diameter, which varies from 30 nm to 100 nm. b | Virus size is quantified in terms 
of genome length, which ranges from 4.1 kb to 220 kb. In both cases, viral density varies from 108 virus particles per litre to 
1011 virus particles per litre on a logarithmically spaced axis. The contour lines denote combinations of viral density and 
capsid diameter, which correspond to the same predicted concentration of dissolved organic phosphorus (DOP) that is 
partitioned in viruses. The colour bar indicates the predicted DOP in units of nmol per litre.
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Sea, North Pacific Ocean, North Pacific Gyre, Subtropical 
North Atlantic, Southeast Pacific and Southern Ocean, 
range from 30 nM to 300 nM (REFS 39–48). DOP can con-
stitute more than 80% of the total dissolved phosphorus 
pool in marine surface samples43. The structural charac-
terization (including solid-state 31P‑NMR (REFS 40, 49)) 
of compounds in the DOP pool does not rule out nucleic 
acids as important constituents. Hence, it is likely that 
virus particles are included in these estimates, even if 
their contribution to the total DOP was not specifically 
identified. It is evident that the upper ranges of DOP that 
is bound in viral populations approach the lower ranges 
of the total DOP pool size that was measured in marine 
surface waters. Considering the extremes of these ranges, 
we find that virus populations may potentially account 
for anything from <0.01% of the total DOP pool (when 
dividing the lower value of 0.0079 nM that is bound in 
viruses with the upper value of 300 nM in the total pool) 
to >50% of the total DOP pool (when dividing the upper 
value of 24 nM that is bound in viruses with the lower 
value of 30 nM in the total pool). However, dividing the 
limits of two biological ranges does not fully take into 
account the potential correlations between DOP and 
virus abundance. Hence, we use three case studies — the 
Sargasso Sea, Station ALOHA in the North Pacific Ocean 
Subtropical Gyre and a coastal site in the Southern Pacific 
Ocean — to illustrate circumstances in which virus popu-
lations are likely to have distinct degrees of importance 
with respect to the proportion of DOP that is partitioned 
in marine surface waters.

The Bermuda Atlantic Time-series Study (BATS) has 
collected oceanographic data in the Sargasso Sea, which 
is a well-studied open-ocean environment in the Atlan-
tic Ocean, for 25 years. Assuming that DOP makes up 
80% of the total dissolved phosphorus at BATS (REF. 43), 
then 95% of DOP measurements from 2000–2009 range 
from 25 nM to 109 nM, with an average of 58 ± 22 nM 
(REF. 50). Given decadal measurements (in 2000 and 
2009) of seasonally varying virus abundances at BATS51, 
we predict that the fraction of Sargasso Sea DOP that 
is partitioned in viruses is in the range of 0.10% to 
8.0% (TABLE  2). Similarly, the Hawaii Ocean Time 
series (HOT) programme includes more than 25 years 
of oceanographic data, which has been collected within 
the North Pacific Subtropical Gyre, including a deep-
water site (Station ALOHA) near to the island of Oahu, 
Hawaii. The data that were collected at Station ALOHA 
include measurements of DOP, such that 95% of the 
DOP measurements that were made between 1988 
and 2012 range from 150 nM to 320 nM, with an aver-
age of 224 ± 46 nM (REF. 52). When these DOP ranges 
(and in one case, concurrent measurements of DOP) 
are compared with two marine virus surveys that were 
conducted at this site53,54, we predict that the fractional 
DOP that is bound in virus populations at HOT ranges 
between 0.15% and 1.5%. Hence, at both the BATS and 
HOT sites, we predict that viruses do not generally make 
up a significant fraction of the DOP pool, although they 
can potentially exceed 5% of the total DOP pool at BATS 
(TABLE 2).

Table 2 | Viral and non-viral components of DOP in marine surface waters

Data set Site information (for virus 
survey)

Virus abundance 
(virus particles 
per litre)

Estimated DOP 
in virus particles 
(nM)*

Total DOP 
in surface 
waters (nM)

Estimated % of 
total DOP bound 
in virus particles‡

Refs

Marine virus surveys 108 –1011 <0.01–24 5, 35–37

Marine DOP surveys 30–300 39–48

Atlantic Subtropical 
Gyre (BATS)

Late summer 2000–2009; 
depth: 60–100 m

6–12 x 109 0.48–2.9 58 ± 22  
(station 
average)

0.61–8.0% 43, 50, 51

Stratified summer 
2000–2009; depth: 0–20 m

1–3 x 109 0.081–0.72 58 ± 22  
(station 
average)

0.10–2.0% 43, 50, 51

North Pacific 
Subtropical Gyre 
(HOT), open-ocean 
site

September 1998; 
depth: 0–100 m

4.5–5.5 x 109 0.36–1.3 230 ± 20 
(concurrent)

0.15–0.63% 52, 53

December 2002; 
depth: 0–100 m

8–11.3 x 109 0.65–2.7 224 ± 46  
(station 
average)

0.24–1.5% 52, 54

South Pacific Ocean 
and Southern 
Ocean (including 
open ocean and 
near-coastal sites)

South West New Zealand, 
Coastal; Sep–Oct 2008; 
depth: ~5 m

17–120 x 109 1.4–29 150–225§ 0.61–19% 42, 55

Australian Southern Ocean; 
Jan–Feb 2007; depth: 0–40 m

6.1–26 x 109 0.49–6.2 150–225§ 0.22–4.1% 42, 58

Drake Passage, Greenwich 
Meridian and Weddell Sea; 
Feb–Apr 2008; depth: 0–100 m

0.1–7.6 x 109 <0.01–1.8 150–225§ <0.01–1.2% 42, 57

BATS, Bermuda Atlantic Time-series Study; DOP, dissolved organic phosphorus; HOT, Hawaii Ocean Time-series. *The range of estimated DOP in virus particles was 
inferred by multiplying virus abundance by the phosphorous content per particle, using 50 nm head diameter for the lower range and 70 nm head diameter for the 
upper range (that is, 0.0025 fg and 0.0074 fg, respectively). ‡The percentage range of DOP bound in virus particles was estimated by dividing (lower/upper) DOP in 
virus particles by total DOP (upper/lower). §Comparison site of DOP measurements was separate from virus measurements (54 o0’ S, 176 o 0’ W)). 
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Spring blooms 
Annual increases in 
phytoplankton abundance in 
response to seasonal changes, 
such as increased temperature 
and higher nutrient levels.

Gene-transfer agents 
Phage-like particles that 
encapsulate cellular DNA that 
can be transferred to another 
bacterium.

By contrast, estimates of virus particles that exceed 
1011 virus particles per litre have been reported in sev-
eral productive locations (that is, during spring blooms) 
in the southern Pacific Ocean near New Zealand55,56. 
Given peak virus densities of 1.2 × 1011 per litre, the 
DOP concentration in virus populations would range 
from 9.7 nM to 29 nM. By contrast, peak virus abun-
dances for open-ocean sites in the Southern Ocean 
are approximately four times lower57,58. Simultaneous 
measurements of DOP and virus abundances for both 
the coastal and open-ocean Southern Pacific Ocean and 
Southern Ocean sites are not available. As a proxy, we 
note that the total DOP in the upper 100 m of an open-
ocean site in the Southern Ocean during the summer 
ranged between 150 nM and 225 nM (REF. 42), which 
is consistent with other Pacific Ocean estimates (for 
example, 100–200 nM (REF. 46)). Hence, we predict that 
the fraction of DOP that is partitioned in viruses dur-
ing spring blooms would have exceeded 5% if the DOP 
concentration at coastal sites was similar to DOP con-
centrations elsewhere (TABLE 2).

We carried out a similar analysis for the contribu-
tion of virus particles to DOC and DON using our 
biophysical model. We predict that marine viruses have 
a carbon content that ranges from 0.02 fg to 0.05 fg 
and a nitrogen content that ranges from 0.0078 fg to 
0.02 fg, assuming median capsid diameters in the range 
of 50–70 nm. Using estimated virus densities that can 
reach up to 1011 per litre, we predict that the total carbon 
content that is bound in marine viruses is probably no 
greater than 420 nM and that the total nitrogen content 
is probably no greater than 140 nM. In contrast to the 
case of DOP, we find that viruses are unlikely to con-
stitute a substantial fraction of DOC, which has been 
estimated to be 34–80 μmol per litre in marine waters59. 
In the case of nitrogen, concentrations of approximately 
2–7 μmol per litre (mean of 4.5 ± 0.4 μmol per litre) have 
been reported in global surface waters60; thus, the viral 
contribution to the DON pool could range from negli-
gible amounts to up to 7%, depending on the system.

Taken together, our scaling model predicts that the 
DOP (and possibly DON) content that is bound in 
marine viruses is potentially larger than has been rec-
ognized. Our analysis shows that virus populations are 
likely to constitute an important fraction (that is, >5%) 
of the total DOP in marine surface waters when virus 
density exceeds 3.5 × 1010 virus particles per litre and 
the total DOP concentration is approximately 100 nM 
(FIG. 5). Note that, although coincident measurements of 
virus population sizes and DOP are few in number, virus 
densities that approach or exceed 1011 virus particles per 
litre have been reported at multiple stations, including 
in an estuary (Chesapeake Bay)61, the North Sea62 and 
the Coastal Northeastern Pacific Ocean35 (reviewed in 
REF. 37). Efforts to quantify the relative contribution 
of viruses to the total DOP should also consider esti-
mates of virus turnover rates. Virus particles in marine 
surface waters have lifespans on the scale of hours to 
days57,58,63,64. Hence, the DOP pool that is bound in virus 
particles is likely to be turned over quickly relative to 
other components of the DOP pool, which have been 

estimated to turn over in the order of days to weeks (for 
example, at BATS (REF. 65)). The availability of nutrient-
rich virus particles at high densities suggests that virus 
particles may be a target for consumption by certain 
marine zooplankton, particularly if ingestion does not 
entail an infection risk. Indeed, 20 year-old observations 
of nanoflagellate ingestion and digestion of viruses and 
virus-sized particles suggest that such digestion can and 
does occur66. The importance of this target pool will 
depend on virus abundance and diversity, particularly 
in nutrient-limited regions of the ocean, and warrants 
renewed exploration.

Conclusions
Our analyses provide a foundation from which to evalu-
ate the quantitative role that marine viruses have in the 
storage and recycling of DOC, DON and DOP. The 
key logical underpinning of the model is the fact that 
changes in the surface/volume ratio, combined with 
the known differential composition of proteins (which 
contain carbon and nitrogen but not phosphorus) and 
nucleotides (which contain carbon, nitrogen and phos-
phorus), are sufficient to make quantitative predictions 
regarding the elemental content of virus particles of 
different sizes. These particle-scale estimates can be 
extrapolated to ecosystem scales using marine virus 
survey data. Our analysis leads us to two important 
conclusions: first, the stoichiometric mismatch between 
marine viruses and their hosts provides a mechanism for 
the differential recycling of organic matter via the viral 
shunt; and second, virus particles have the potential to 
contribute an important component of the DOP (and, in 
some cases, the DON) of marine surface waters.

Although we have focused on marine bacteriophage 
particles, our conclusions probably apply to marine 
viruses generally, including viruses of archaea and 
eukaryotes, such as algae. Irrespective of the specific host 
that is involved, the elemental stoichiometry of viruses 
should be enriched in nitrogen and phosphorus relative 
to the baseline elemental stoichiometry of the host cells 
(as has been confirmed in the case of the algae-infecting 
virus PBCV1 (REF. 20)). The rationale is that the struc-
tural requirements for viruses are relatively small com-
pared with those of their hosts (with the possible excep-
tion of ‘giant’ viruses, which contain carbon-rich struc-
tures, including lipids and complex carbohydrates67,68). 
We predict that there will be a stoichiometric mismatch 
between viruses and their hosts, leading to the depletion 
of nitrogen and phosphorus in cellular debris relative to 
host cells. Quantitative predictions of the carbon, nitro-
gen and phosphorus content of virus particles, broken 
down by virus type, may require specific extensions of 
the present model; this is an issue of continued inter-
est owing to the continual discovery of novel viruses in 
the ocean, some of which occur at high densities (for 
example, single-stranded RNA (ssRNA) viruses69), and 
the discovery of virus-like particles, such as gene-transfer 
agents70. We suggest that further rigorous estimates of 
the total phosphorus, accompanied by characteriza-
tion of the chemical nature of DOP in seawater (for an 
example, see REF. 71), will help to elucidate the relative 
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contributions of viruses to the total DOP pool. Despite 
the need for simplification, the benefit of building a bio-
physical model is that it helps to identify potential dif-
ferences in drivers of elemental content between viruses.

Our analysis of the stoichiometry of released materi-
als also suggests that elemental acquisition by infected 
cells is important. Marine viruses can change the ele-
mental assimilation rates of their infected hosts; for 
example, a recent study of lytic viral infections of marine 
Prochlorococcus spp. showed post-infection redirection 
of host metabolism towards increased assimilation of 
limiting elements (in this case, phosphorus) that might 
benefit the phage26. This study is consistent with the 
previous identification and annotation of phosphorus 
metabolism genes24 and nitrogen metabolism genes25 
in viral genomes, which suggests that virus-mediated 
repurposing of cellular metabolism occurs during infec-
tion. Further exploration is warranted to quantify the 
relative rates at which viruses repurpose host elements 
and acquire new elements post-infection (for example, as 
in REFS 25, 27). We anticipate that viruses that have less 
elemental independence from their hosts are more likely 
to release cellular debris with a stoichiometry that is dis-
tinct from that of the host and are thus potentially more 
recalcitrant to subsequent assimilation that stimulates 

secondary production. Quantifying the consequences of 
the stoichiometric mismatch of viruses and their hosts 
may provide insights into the export of carbon-rich 
organic matter into the deep ocean4, in much the same 
way that the stoichiometric mismatch between herbi-
vores and plants and between decomposers and plant lit-
ter has improved our understanding of nutrient cycling 
and the storage and regeneration of organic matter in 
terrestrial systems16.

In summary, this Analysis article advances long-
standing efforts to quantify the relative contribution 
of viruses to the pools and fluxes of DOC, DON and 
DOP in the global oceans. In doing so, our results fur-
ther highlight the importance of using classic morpho-
logical39,72–74, biophysical35 and biogeochemical tech-
niques1,3, in conjunction with modern biomolecular 
techniques75–77, to provide insights into the effects of 
marine viruses on oceanic biogeochemistry. The fact 
that most marine microorganisms can be infected by 
viruses, including ubiquitous hosts, such as pelagibac-
teria, which were once thought to harbour no viruses34, 
suggests that quantifying changes in nutrient assimila-
tion by infected hosts and the partitioning of nutrients 
that are released from lysed hosts may have important 
consequences on a global scale.
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Supplementary Information for:

“The elemental composition of virus particles:

implications for marine biogeochemical cycles”

S.1 Parameters and ranges used in the theory of viral elemental
stoichoimetry

S.1.1 Core derivation

We approximate the elemental content of the viral head as the sum of that contained in the genome
and in the capsid (see Figure 2). In doing so, we utilize the notation Xcomp to denote the number
of atoms of element X in the component “comp”. First, the number of atoms of element X in
the genome is Xgenome = Xbp · nbp where Xbp denotes twice the elemental composition of a base in
a single nucleic acid (i.e., representing double-stranded DNA) and the number of base pairs in a
single strand is nbp. The number of base pairs is calculated as described in the main text, i.e., as a
fraction of the total volume in the capsid. The number of atoms of element X in the capsid is:

Xcapsid = Xpr · npr = dXvprnpr = dXVc (S1)

where dX is a constant that has units of number of atoms of element X per unit volume in a protein,
Xpr denotes the elemental abundance in a single protein, vpr is the volume of a protein and Vc is
the volume of proteins in the capsid. The values of the constants used are listed in Table S1. The
number of atoms of element X in the head is:

Xhead =
4π(rc − h)3Xbpfill

3vbp
+

4πdX
(
3r2ch− 3h2rc + h3

)
3

. (S2)

By utilizing the elemental content of nucleotides and proteins, in addition to other biochemical
parameters (see Table S1), we arrive at the following scaling predictions:

Chead = 41(rc − 2.5)3 + 130(7.5r2c − 18.75rc + 15.63) (S3)

Nhead = 16(rc − 2.5)3 + 36(7.5r2c − 18.75rc + 15.63) (S4)

Phead = 4.2(rc − 2.5)3 (S5)

where rc is in units of nanometers and predictions are for the number of atoms of each element,
respectively.

There is uncertainty related to each one of the biophysical parameters which propagates into
uncertainty in Xhead. We introduce the uncertainty in our theory, ∆Xhead, by propagating the
uncertainty of all the parameters involved. As a result, we obtain upper and lower bounds of our
theory that can be written as Xhead ±∆Xhead, and that are presented as dotted lines in the main
text (Figure 2C). The uncertainty in the number of atoms of element X as a function of the radius
is approximated as:

∆Xhead =
√
(∆Xgenome)2 + (∆Xcapsid)2, (S6)

where

∆Xgenome =

√∣∣∣∣
∂Xgenome

∂h

∣∣∣∣
2

(∆h)2 +

∣∣∣∣
∂Xgenome

∂Xbp

∣∣∣∣
2

(∆Xbp)
2 +

∣∣∣∣
∂Xgenome

∂fill

∣∣∣∣
2

(∆fill)2 (S7)
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and

∆Xcapsid =

√∣∣∣∣
∂Xcapsid

∂h

∣∣∣∣
2

(∆h)2 +

∣∣∣∣
∂Xcapsid

∂dX

∣∣∣∣
2

(∆dX)2. (S8)

Equivalent functions for the stoichiometry of the viral head as a function of number of base
pairs, nbp, and the uncertainty ∆Xhead as a function of number of base pairs were obtained using
equation 1 in the main text to obtain rc as a function of nbp. Figure S1 shows the model predictions
and the data corresponding to the C, N, and P content of different viral head as a function of
genome size.

S.1.2 Average molecular formula of a base pair (pair of nucleotides), Xbp

The average molecular content of a base pair was obtained assuming that the distribution of nucle-
obases in the DNA is uniform. The C, N, and P composition of the nucleobases are:

A : C5N5 C : C4N3

T : C5N2 G : C5N5

The nucleotide is composed of the nucleobase, a five-carbon sugar, and a phosphate group. So, each
base pair has 10 atoms of carbon, 2 of phosphorus and the atoms in the two nucleobases. Assuming
a sequence comprised of nucleobases appearing with equal probability, then the average molecular
formula for the base pair is:

C19.5N7.5P2 (S9)

However, the frequencies of nucleobases in a virus is not necessarily uniform. We calculated
the frequencies of nucleobases in the DNA sequences of 776 phages (Figure S5a). From this we
obtained the average C and N per nucleotide in each phage. On average the nucleobases adenine
and thymine are present more frequently (mean frequency 0.52) than the nucleobases cytosine and
guanine. Nonetheless, we obtain an average of 19.5 ± 0.1 atoms of C per nucleotide and 7.5 ± 0.1
atoms of N per nucleotide (see Figures S5(b),S5(c)). There is no variation in the number of P atoms
per nucleotide because each nucleotide has exactly 2 P atoms. The uncertainties presented are the
standard errors of the distributions (∆Xbp = 0.1 for both C and N).

S.1.3 Filling fraction of the genetic material inside the capsid, fill

The fill was calculated by fitting data listed in Table S2 to the equation nbp = c · (r − h)3 (Figure
S2). We obtained c = 2.1± 0.2 from the fit with ∆c the estimated standard error. Recall that the
fill is given by :

fill =
3vbpc

4π
= 0.53± 0.04, (S10)

where the uncertainty in the fill is ∆fill = 0.04. Note that even when excluding the size and genome
length information for phages used in the (independent) calculation of elemental composition (λ,
T7, N4, Syn5, HK97), we obtain the value fill = 0.55 ± 0.05, which agrees with the value being
used within the margin of error. As a posterior evaluation of this key parameter value, we compiled
a list of all dsDNA phages for which complete genomes (and their lengths) are available from
NCBI. Then, we cross-collated that list against the catalog of phage available at the Felix d’Herelle
Phage Reference Center: http://www.phage.ulaval.ca/en/phages catalog/. Many of the phages
in the reference center catalog have associated electron micrographs which have been the subject
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of extensive analysis [1, 2, 3]. We cross-collated phages in the catalog that had available EM-
s (with scale-bars) and identified 57 candidate dsDNA phage, of which 3 were identified to be
lipid-containing (phages PRD1, PM2, and AP50) and removed. Hence, our final dataset included
54 phage (see Supplementary information S2 (table) for names and accession information). We
measured the capsid diameter of each phage based on the available EM image (measurements in
Supplementary information S2 (table)). Linear regression of genome length against capsid size
yields an estimate of the “fill” of viral capsids to be 0.52± 0.03 (see Figure S3). Again, this result
is consistent with variation based on prior measurements and provides further posterior validation
to our estimate of the fill parameter and its uncertainty.

Alternatively, one can obtain an estimate for the fill using the average concentration of DNA
inside viral capsids. This concentration, ρDNA =0.5g/cm3, is proportional to the fill and is a well
conserved quantity among dsDNA phages [4]. The fill can be obtained as:

fill =
ρDNA

massbp/vbp
=

0.5 · 10−21g/nm3 · 1.068nm3

1.023 · 10−21g
= 0.52, (S11)

where massbp = 1.023 · 10−21g is the average mass of one nucleotide pair [5]. We see that the
estimate obtained in this way is within the uncertainty of the fill used in our model.

S.1.4 Molecules of Carbon and Nitrogen per volume of protein, dC and dN

The number of atoms of C per unit volume of protein dC , and the number of atoms of N per
unit volume of protein dN , were calculated using the experimental value of the average density of
proteins (0.73−1 · 10−21g/nm3 [6]) and the number of atoms of each element per unit of protein
mass, calculated using a linear fit on 2815 viral proteins with unique RefSeq (Figure S6).

dC = 0.73−1 · 10−21g/nm3 · 2.29 · 1022atoms/g = 31± 1 atoms/nm3

dN = 0.73−1 · 10−21g/nm3 · 6.33 · 1021atoms/g = 8.7± 0.4 atoms/nm3

where ∆dC and ∆dN were obtained by propagating the uncertainties of both, the average protein
density, and the the number of atoms per unit mass, which is the estimated standard error of the
slope of the fit.

S.1.5 Thickness of the capsid

Bacteriophage capsids are usually one protein thick, although the exact value of the thickness varies
(e.g., T7 - 2.3 nm [7], N4 - 2.6 nm [8], HK97 - 1.8 nm [9]). In our model we use an average capsid
thickness of 2.5 nm and choose a conservative range for the variation in the thickness, ∆h = 1 nm.

S.1.6 Model extension for viral tails

We approximate the tail structure as a hollow cylinder with outside radius rt, fixed thickness ht,
and length �t. The number of proteins in the tail is predicted to be:

npr =
vtail
vpr

=
�tπ

vpr
(r2t − (rt − ht)

2) =
�tπ

vpr
(2htrt − h2t ) (S12)

As before, we then predict the number of atoms of element X in the tail:

Xtail = Xpr · npr = dXvprnpr

= dX�tπ(r
2
t − (rt − ht)

2) (S13)
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where the notation is the same as used in the main text. The total elemental composition of viral
particles, including head and tail, for three select viruses is found in Table S3.

S.2 Virus C, N, P content distribution

The C, N, and P content of 776 different phage heads was estimated (Figure S4). The genome length
of the phages were used as input to predict a capsid size and, in turn, the estimated elemental content
in the head.

S.3 Elemental stoichiometry of selected phages using experimen-
tally estimated data from the literature.

The elemental composition of phage particles was determined by considering their genetic makeup
and protein content based on data available within the literature (Table 1, Table S1 and Table
S3). Sequence information for every phage was retrieved from NCBI. Values of the stoichiometry of
structural proteins were retrieved from empirical studies (Table S4), and the amino acid composition
of each protein was retrieved from NCBI.
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Concept Variable Value

Avg. Molecular formula of a base
pair (pair of nucleotides)

Xbp C19.5N7.5P2

Avg. volume of a Base pair vbp (1nm)2(0.34 nm)π

Volume-filling fraction fill 0.53 ± 0.04

Avg. thickness of the capsid h 2.5 ± 0.3 nm

Molecules of carbon per volume of
protein

dC 31 ± 1 atoms/nm3

Molecules of nitrogen per volume
of protein

dN 8.7 ± 0.4 atoms/nm3

Table S1: Parameters used for the viral elemental composition calculation.
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phage genome size (kbp) ext. diameter (nm)

λ 49 [10] 63 [11]

Mu 39 [12] 54 [12]

P1 100 [11] 85 [13]

P2 34 [14] 60 [14]

P4 12 [15] 45 [16]

φ80 45 [11] 61 [11]

φX174 5 [17] 26 [18]

T3 38 [11] 60 [11]

T5 121 [19] 90 [19]

T7 40 [20] 61 [20]

HTVC011P 40 [21] 55 [21]

HTVC019P 42 [21] 55 [21]

HTVC010P 35 [21] 50 [21]

HTVC008M 147 [21] 84 [21]

N4 71 [22] 70 [22]

Syn5 46 [23] 60 [23]

SPP1 44 [24] 60 [24]

SPO1 146 [25] 87 [26]

HK97 40 [27] 66 [9]

P22 42 [28] 61 [28]

Table S2: Genome length and capsid size for selected phages.

Phage Name Carbon Nitrogen Phosphorus C:N:P Carbon biomass
(atoms) (atoms) (atoms) (molar) (fg particle−1)

T4 8,508,594 2,626,186 337,800 25:8:1 0.170

N4 2,871,950 920,156 140,306 21:7:1 0.057

Syn5 1,715,042 576,459 92,428 19:6:1 0.034

Table S3: Composition of viral particles, including head and tail. Elemental composition of selected viruses
based on sequence information and experimentally validated composition of structural proteins.
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Phage Function Protein Head Tail Counts Protein id

Syn5 major capsid protein gp39 1 0 400 YP 001285448.1
internal virion protein gp43 1 0 8 YP 001285452.1
internal virion protein gp44 1 0 8 YP 001285453.1
internal virion protein gp45 1 0 7 YP 001285454.1
tail tubular protein A gp40 0 1 6 YP 001285449.1
tail tube B gp41 0 1 6 YP 001285450.1
head to tail conector gp37 1 0 12 YP 001285446.1
tail fiber gp46 0 1 3 YP 001285455.1
structural protein gp53 1 0 6 YP 001285462.1
structural protein gp54 1 0 4 YP 001285463.1
structural protein gp58 1 0 12 YP 001285467.1

T4 Soc small outer capsid Soc 1 0 840 NP 049644.1
internal head IpI 1 0 360 NP 049749.1
internal head IpII 1 0 360 NP 049734.1
internal head IpIII 1 0 370 NP 049735.1
baseplate wedge unit gp53 0 1 6 NP 049756.1
baseplate hub subunit gp5 0 1 3 NP 049757.1
baseplate wedge subunit gp6 0 1 12 NP 049764.1
baseplate wedge subunit gp7 0 1 6 NP 049765.1
baseplate wedge subunit gp8 0 1 12 NP 049766.1
baseplate wedge tail fiber connector gp9 0 1 18 NP 049767.1
baseplate subunit and tail pin gp10 0 1 18 NP 049768.1
baseplagesubunit and tail pin gp11 0 1 18 NP 049769.1
short tail fiber gp12 0 1 18 NP 049770.1
fibritin gpwac 0 1 18 NP 049771.1
tail sheath stabilizer and completition gp15 0 1 6 NP 049774.1
tail sheath gp18 0 1 144 NP 049780.1
tail tube gp19 0 1 144 NP 049781.1
portal vertex gp20 1 0 12 NP 049782.1
major capsid gp23 1 0 960 NP 049787.1
capsid vertex gp24 1 0 55 NP 049789.1
head outer capsid hoc 1 0 160 NP 049793.1
baseplate wedge subunit gp25 0 1 6 NP 049800.1
baseplate hub subunit gp27 0 1 3 NP 049803.1
baseplate hub subunit gp29 0 1 6 NP 049805.1
baseplate subunit gp48 0 1 6 NP 049806.1
baseplate subunit gp54 0 1 6 NP 049807.1
ADP-ribosyltransferase Alt 1 0 40 NP 049811.1
DNA ligase gp30 0 1 6 NP 049813.1
synthase dTMP 0 1 3 NP 049848.1
dihydrofolate reductase Frd 0 1 6 NP 049850.1
long tail fiber, proximal subunit gp34 0 1 18 NP 049860.1
hinge connector of long tail fiber gp35 0 1 6 NP 049861.1
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hinge connector of long tail fiber gp36 0 1 18 NP 049862.1
long tail fiber, distal subunit gp37 0 1 18 NP 049863.1

N4 decorating protein gp17 1 0 147 YP 950495.1
virion RNA polymerase gp50 1 0 4 YP 950528.1
major coat protein gp56 1 0 548 YP 950534.1
portal protein gp59 1 0 17 YP 950537.1
non-contractil tail sheath gp65 0 1 6 YP 950543.1
appendage gp66 0 1 25 YP 950544.1

lambda major capsid decoration gpD 1 0 405 P03712.1
major capsid gpE 1 0 405 YP 001700607.1
portal gpB 1 0 12 P03710.1
head-tail conector gpW 1 0 6 P68660.1
tail attachement site gpFII 1 0 6 P03714.1
Protease gpC 1 0 10 P03711.1

T7 major capsid gp10A 1 0 395 NP 041998.1
minor capsid gp10B 1 0 20 NP 041997.1
head-tail connector gp8 1 0 12 NP 041995.1
internal core gp15 1 0 8 NP 042003.1
internal core gp16 1 0 4 NP 042004.1
internal core gp14 1 0 8-12 NP 042002.1

gp6.7 1 0 18 NP 041991.1

phi29 major capsid gp8 1 0 235 P07531.1
head fiber gp8.5 1 0 110 P20344.1
upper collar gp10 1 0 12 P04332.1

HK97 major capsid gp5 1 0 420 YP 004123811.1

Table S4: Protein structure of virus particles.
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Figure S1: C, N, and P content of the viral head as a function of the number of base pairs in its DNA. The
data correspond to experimentally obtained contents of C, N, and P for different viral heads: ∗ T4, + N4, ×
Syn5, � λ, o HK97, � T7, � φ29.
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Figure S2: Number of base pairs as a function of radius of the phage capsid (data from Depaepe 2006 [11]
and additional sources, see Table S2). The solid line corresponds to fitting the equation nbp = c · r3 to the
data, with c as a free parameter.
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Figure S3: Number of base pairs as a function of radius of the phage capsid (posterior measurements of
virus sizes from phage EM-s in the catalog of the Felix d’Herelle Phage Resource Center, see Supplementary
information S2 (table) for accession information, capsid measurements and genome length information). The
solid line corresponds to fitting the equation nbp = c · r3 to the data, with c as a free parameter.
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Figure S4: Estimated mass of C, N and P in virus particles. The y-axis denotes the number of phages
(of a total of 776 phages analyzed, see Supplementary information S3 (table)) whose predicted elemental
abundance of C, N, and P falls within a bin (denoted on the x-axis).
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Figure S5: (a) Distribution of the fraction of nucleobases in the primary sequence of 776 phages that is either
C or G (genome accession numbers in Supplementary information S3 (table)). (b) Distribution of the average
carbon (C) per nucleotide in the primary DNA sequence. (c) Distribution of the average nitrogen (N) per
nucleotide in the primary DNA sequence.
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Figure S6: (a) Number of atoms of C vs. mass for 2815 viral proteins (primary structure information available
in Supplementary information S4 (table)). (b) Number of atoms of N vs. mass for the same set of 2815 viral
proteins.
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