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good approximation of the internal forces. Indeed, published
DNA densities proved to be very similar for phages T7, T4, k,
P2, and P4, but smaller for PRD1 [24]. These measures
correspond qualitatively to the ranking of values of qpack and
confirm that this parameter is a good approximation of the
genome density in the capsid. The positive correlation
between the mortality rate and qpack suggests that a higher
internal pressure is associated with a higher mortality.

Other physical parameters are involved in the stability of
phage particles and, in particular, the mechanical strength of
the capsid. To estimate this strength; the method used so far,
and for only one phage, is the calculation of energy of the
liaisons between capsomers derived from the analysis of the
molecular structure [25]. As molecular structures are deter-
mined for only four of the phages used in this study, we
approximated capsid strength by calculating the surfacic
mass of the capsid shell, i.e., the molecular weight of the
capsid shell divided by the surface of the capsid. In the cases
in which these data were missing for a given phage, but a close
relative displayed identical morphology by electron micro-
scopy, we used the data of the related phage. Under the
assumption that the density of liaisons between capsomers is

somewhat constant between phages, this parameter should be
related to capsid strength. Indeed, the mortality rate
decreases with an increase in this parameter (Figure 4B; R2

! 0.35 and p ! 0.031 for a linear regression on 13 phages).
Moreover, the surfacic mass of the capsid correlates

negatively with the multiplication rate (Figure 4C; R2 ! 0.46
and p! 0.011 for an exponential regression on 13 phages). A
possible explanation is that more complex capsids may
necessitate more time and resources for assembly than
simpler ones. The density of the packaged DNA, however,
does not correlate with the multiplication rate. This might be
due to the variability in molecular processes of genome
packaging between phages.

Negative Correlation between Survival and Multiplication
Rate of Phages
Despite the above-described correlations, the parameter

showing the highest correlation with the mortality rate is not
a structural characteristic of the capsid, but rather a major
parameter of the life cycle, specifically the multiplication rate
in the bacterial host (Figure 4D; R2! 0.73 and p , 0.001 for a
linear regression on 16 phages). The multiplication rate was

Figure 4. Correlations between Phage Life History Traits and Phage Particle Characteristics

(A) Positive correlation between mortality rate and qpack, the volumic density of the packaged DNA (Linear regression, R2!0.67 and p!0.001). qpack has
been calculated only for phages with a double-stranded DNA genome, because the volumes of single-strand DNA and double-strand RNA are different
than the volume of double-stranded DNA. qpack is calculated by dividing the volume of the genome by the internal volume of the capsid.
(B) Negative correlation between mortality rate and the surfacic mass of the capsid, calculated by dividing the capsid molecular weight by capsid
surface (linear regression, R2! 0.35 and p! 0.031). Because the surfacic mass is an estimation of the thickness of the capsid, it should be related to its
strength. Some phages are not represented because data are not available, or in the case of M13, because it possesses a helical geometry, and thus the
constraints on the capsid are very different than for icosahedral phages.
(C) Negative correlation between the multiplication rate and the surfacic mass of the capsid (linear regression, R2! 0.46 and p! 0.011).
(D) Positive correlation between the mortality rate and the multiplication rate. The log–log scale is for a better visualization of the results and does not
modify the significance of the correlation. The line shows a linear regression characterized by R2! 0.73 and p , 0.0001. Each measure was repeated at
least three times independently for the determination of the multiplication and mortality rates.
DOI: 10.1371/journal.pbio.0040193.g004

PLoS Biology | www.plosbiology.org July 2006 | Volume 4 | Issue 7 | e1931252

Decay/Reproduction Tradeoff among Phages

reaction causing inactivation, i.e., the energy the system has
to overcome so that the reaction occurs (Table 1). Depending
on the phage, the activation energy varies between 90 and 150
kJ/mol, which correspond to the values of reactions that result
in the denaturation of globular proteins. In the case of T3,
the mortality rates were determined at 55 8C, 60 8C, 62 8C, and
65 8C and proved to be much higher than expected,
indicating that a different reaction is the predominant cause
of inactivation. This result is in line with previously published
data [19].

Analysis of Covariance between Parameters
Characterizing Phages
Even if the mortality of phages follows the same law for all

phages, there is a great variation in the decay rate from one
phage to another. To unravel what can account for this
variation, for each phage, we compiled a number of structural
parameters from the literature. We also calculated two
associated variables that are potentially related to the
stability of the capsid. The first is the density of the packaged
genome, calculated only for double-stranded DNA phages
because their nucleic acid shares the same chemical and
physical properties. The second is the surfacic mass of the
capsid, which is representative of the thickness of the proteic
shell of the phage head (Table 1). Moreover, we measured
burst size, latency period, and adsorption rate for all phages,
in conditions as similar as possible.
A statistical analysis of covariance revealed the existence of

two groups of parameters, which can be visualized in a three-
dimensional representation along axes constructed by prin-
cipal components analysis, or PCA (Figure 3). In PCA, axes
are linear combinations of parameters, thus parameters that
appear collinear on the figure are correlated. We can see that
the size, mass, and geometry of capsids are highly correlated
with genome size. This reflects the very good linear relation-
ship between the internal volume of the capsid and the
genome size over a 300-fold range (linear regression on 16
phages, R2 ! 0.95, p , 10"4). This relation reveals important
constraints about genome packaging, as the size of the capsid
is determined almost entirely by genome length. Such a
relation is not observed among other viruses [23] and thus
must be caused by the specificities of phage life cycles, such as
the ejection of the genome into the bacterial host at the time
of infection. Indeed, phages do not enter the host cell upon
infection, but instead inject only their genome into the
cytoplasm.
As described below, the multivariate analysis revealed that

the decay rate correlates with the multiplication rate of
virions, but also with the density of the packaged DNA and
the surfacic mass of the capsid; the latter correlates also with
the multiplication rate. Other parameters are not repre-

Figure 1. Mortality Rates of Phage Particles

(A) Representative survival curves of phage particles maintained in LB at 37 8C, in the absence of host cells. Phage stocks are obtained by infecting
growing E. coli host culture followed by cell elimination. Lines show exponential regressions, with R2 values ranging from 0.87 for P2 to 0.99 for MS2.
The mortality rate is not influenced by the initial concentration of the phage populations (unpublished data). Each experiment was repeated at least
three times independently.
(B) Relation between mortality rate and temperature. Symbols are the same as in (A). Lines show exponential fits between the mortality rate and 1/T. R2

values range from 0.937 for Mu to 0.999 for P2.
DOI: 10.1371/journal.pbio.0040193.g001

Figure 2. Observation of Virions by Electron Microscopy after 8 D of
Incubation at 37 8C
The table gives the relative variation in the proportion of broken virions,
as measured by electron microscopy, of more than a hundred particles,
as well as the variation in the number of viable phages measured by
plating on a susceptible host. Both observations have been made on the
same samples. For each type of phage, the proportion of broken virions
is significantly higher after incubation, and the variation in broken-virion
particles measured by electron microscopy is similar to the variation in
the number of infectious phages.
DOI: 10.1371/journal.pbio.0040193.g002
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(De Paepe and Taddei, 2006. PLoS Biology)
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Mutation accumulation vs. antagonistic 
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(Cooper & Lenski, 2000. Nature)

Mutation accumulation vs. antagonistic 
pleiotropy
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(Cooper & Lenski, 2000. Nature)

Mutation accumulation vs. antagonistic 
pleiotropy
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Is the assay used really related to fitness?
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Is the assay used really related to fitness?

(Leiby and Marx, 2014. PLoS Biology)
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How did growth rate change?

(Leiby and Marx, 2014. PLoS Biology)
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(Leiby and Marx, 2014. PLoS Biology)
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How predict which substrates most likely 
to experience increases or decreases?
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Target size for deleterious mutations?

(Leiby and Marx, 2014. PLoS Biology)
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Similarity in C use to that of glucose?

(Leiby and Marx, 2014. PLoS Biology)
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Transporter or not?

(Leiby and Marx, 2014. PLoS Biology)
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Any generality to LOF mutations?

(Leiby and Marx, 2014. PLoS Biology)
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(Travisano & Lenski, 1995. Science; Kryazhimskiy et al., 2014. Science)
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(Poelwijk et al., 2011. Cell)

Tradeoffs in reversing regulatory logic
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(Poelwijk et al., 2011. Cell; Marx, 2011. Cell)

Tradeoffs in reversing regulatory logic
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Coexistence requires particular type of fitness 
interaction

WHAT IS REQUIRED FOR ECOLOGICAL SPECIALIZATION
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Potential interaction types
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How test for coexistence?
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Genomic evidence for coexistence?

(Marx, 2013. PLOS Biology)
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Co-existence in Lenski lines

(Good et al., 2017. Nature)
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Use of FBA to predict co-existence in multi-
species community

(Harcombe et al., 2014. Cell Reports)



Use of FBA to predict co-existence in multi-
species community

(Harcombe et al., 2014. Cell Reports)
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Use of FBA to predict co-existence in multi-
species community

(Harcombe et al., 2014. Cell Reports)
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Costly cooperation requires structured 
interactions to evolve

• How direct more benefits to cooperators?
• One way: Spatial structure…

Mixed  
(liquid)

No correlation of 
benefit & production 

(cheating wins)

Structured (agar)

Benefit correlated 
with production

(cooperation wins*)

• If costly, how can this emerge in the 
face of cheaters?

Cheater: taking advantage of public 
goods with less (or no) investment

Cooperation is an advantage if:
1. benefits (b) > costs (c)
2. bC – cC > bD – cD

C = cooperator       ;   D = defector

BBiomass

partner 1

Biomass

A

partner 2

Interactions global Interactions local



Novel cooperation by E. coli

(Harcombe et al., 2018. PNAS)
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Galactose production costly

(Harcombe et al., 2018. PNAS)

I

BOTH GROWTHRATE YIELD LOWER
FOR GALACTOSE PRODUCERS



FBA predicts cooperators will coexist

(Harcombe et al., 2018. PNAS)
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