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Functional diversity increases the efficacy of phage combinations
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Abstract

Phage therapy is a promising alternative to traditional antibiotics for treating bacterial infections. Such phage-based thera-
peutics typically contain multiple phages, but how the efficacy of phage combinations scales with phage richness, identity and
functional traits is unclear. Here, we experimentally tested the efficacy of 827 unique phage combinations ranging in phage
richness from one to 12 phages. The efficacy of phage combinations increased with phage richness. However, complementarity
between functionally diverse phages allowed efficacy to be maximized at lower levels of phage richness in functionally diverse
combinations. These findings suggest that phage functional diversity is the key property of effective phage combinations, ena-
bling the design of simple but effective phage therapies that overcome the practical and regulatory hurdles that limit develop-

ment of more diverse phage therapy cocktails.

INTRODUCTION

Bacterial killing by lytic phages regulates bacterial turnover
in microbial communities, influencing bacterial community
dynamics in both environmental and clinical settings [1, 2].
Phage diversity is predicted to exceed that of their hosts
by up to 10 times [3], and may vary between communi-
ties just metres apart [4]. A survey of phages able to infect
Pseudomonas aeruginosa, a commonly multi-drug-resistant
opportunistic pathogen [5], across four continents identified
seven distinct phage groups with lytic activity against 87% of
clinical bacterial strains tested [6], and novel phage taxa are
continually being discovered [7, 8]. This diversity of phages
offers a promising alternative to antibiotics for treating bacte-
rial infection where rates of antibiotic resistance are rapidly
rising [9-11]. Multiple phages are often combined for thera-
peutic use to improve the range of hosts which can be targeted.
However, more diverse combinations pose greater regulatory
hurdles as individual phages and interaction effects must be
assessed [12-14]. While developing efficient, low-diversity
phage combinations would be highly practical, it is unclear
which rationale one should use to design such combinations.

The relationship between biodiversity and ecosystem func-
tioning (i.e. the collective activity of a community) is usually
positive [15]. Increasing species richness has been shown
to improve the function of microbial communities by two

distinct mechanisms [16, 17]. First, if species perform different
ecological roles, then greater species richness can deliver
higher community-level performance due to functional
complementarity, through filling more of the available niche
space [16, 18]. Second, more diverse communities are more
likely to contain highly performing taxa simply by chance,
leading to a positive relationship between diversity and func-
tion due to species identity effects [16, 17]. On the other hand,
functional redundancy among species in a community can
lead to diminishing returns of further increasing species rich-
ness, resulting in a saturating relationship between richness
and function [19-21]. These counteracting effects suggest
that high killing efficacy could be attained by low-richness
phage combinations, provided that these contain function-
ally different and non-redundant phages. Such combinations
would have practical benefits in terms of reducing the manu-
facturing and regulatory challenges posed by higher order
phage combination therapies [13, 14, 22].

For phages, lytic infection of a bacterial host depends on
adsorption to the host outer membrane and evasion of host
phage defence systems once within the cell [23]. Binding
to specific bacterial cell-surface receptors for adsorption is
therefore a key functional trait for phages. Phage combina-
tions targeting higher numbers of receptors may be more
efficacious by virtue of their functional diversity reducing
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competition among phages for shared adsorption sites. Such
phage combinations could also limit resistance evolution via
cell surface modification since this would be likely to require
multiple mutations [24-26], which often impose additive
fitness costs [27].

By applying the principles of biodiversity—ecosystem
functioning to the design of phage therapies, we sought to
determine the relative importance of phage species rich-
ness, functional diversity and identity effects on the efficacy
of phage combinations. We used 12 P. aeruginosa phages
including phages targeting either lipopolysaccharide (LPS) or
Type IV pilus (T4P) for adsorption to create 827 unique phage
combinations with differing levels of species richness and
degrees of functional diversity. These combinations included
all possible single, pairwise and three-member communities,
264 different four- and six-member communities, and the full
12-member community. We show that phage richness had a
saturating relationship with efficacy (defined as the suppres-
sion of bacterial growth), and that highly efficacious but low-
richness phage combinations could be designed provided that
they had high functional diversity, i.e. the constituent phages
targeted multiple distinct adsorption receptors. Together,
these results suggest that ecological complementarity plays
a key role in determining the efficacy of phage combinations.

METHODS

Phage combination design and community
assembly

A panel of 12 lytic P. aeruginosa phages were used to build
phage combinations of varying phage community species
richness. The adsorption receptors of all phages has previously
been characterized [28]; four phages adsorb via T4P and eight
via LPS. In total, we assembled 827 different phage combina-
tions, ranging from single phage (12), all possible two- and
three-member communities (66 and 220 respectively), a
random partition of four- and six-member communities (264
of each), to the full 12-member community. A random parti-
tion design was used to select four- and six-phage commu-
nities which equally represent all phage strains across both
richness levels (as described previously [29]).

Phage stocks were amplified to equal densities
(~8.9x10"+1.6x10" p.f.u. ml™!) using the susceptible bacte-
rial host P. aeruginosa PAOL, isolated by filtration (0.22 pm)
and stored at 4°C. To limit human error, master plates of
phage communities were assembled in deep 96-well plates
using a liquid handling robot (epMotion 5070; Eppendorf) in
triplicate. Equal volumes (and densities) of each phage were
added to give a final volume of 120 ul per phage community.

Measuring the efficacy of phage combinations

We determined the efficacy of phage combinations as their
ability to supress growth of the susceptible host, P. aerugi-
nosa PAO1. Bacterial replicates were inoculated from three
single colonies into 6 ml KB medium and grown overnight
at 37°C with shaking at 180r.p.m., before diluting 100-fold

into assay plates containing 120 ul of KB. Phage communi-
ties were transferred from the master plates (15 ul per well)
to give a multiplicity of infection (m.o.i.) of approximately
100 phages per bacterial cell (actual m.o.i. ~80.4+20.2 with
initial bacterial density of ~9.6x107+1.1x107). Optical density
(absorbance at 600 nm; Abs, ) was measured immediately,
then after static incubation for 24 h at 37 °C. Phage combina-
tion efficiency was measured as the reduction in bacterial
growth in the presence relative to the absence of phage, as
‘Efficacy’ (Equation 1; [30]).

Equation (1)

[Abseoo (t=24h)— Abseoo (t=0h) ]

] _ _ phage*
Efficacy = 1 [Abssoo (1=241)— Abseon (1=0K)|

phage—

Efficacy measurements were taken at 24 h based on previous
data [28, 31] and pilot experiments using a random subset
of diverse phage communities (at species richness levels of
between one and 12 phages; Fig. S1, available in the online
version of this article). These showed that at 0-12h bacterial
growth is almost completely suppressed by almost all phages
and combinations. However, between 12 and 24 h for some
phages and phage combinations, bacteria begin to grow,
probably due to spontaneous mutations providing phage
resistance (see [28, 31] for characterization of spontaneous
phage resistance mutations within this system). Taking the
efficacy measurement at 24 h thus differentiates phages and
phage combinations that effectively suppress both growth and
the emergence of resistance, from those that suppress growth
initially but against which resistance does eventually emerge.

For each phage combination, the phage with the highest inde-
pendent Efficacy value was considered as the best constituent
phage (i.e. measured when Diversity=1; matched by replicate
to the phage combination). These values were used to calcu-
late transgressive overyielding, D__ (Eqn 2 [32]), which is a
measure that describes the efficacy of a community relative
to its most efficient member, such that a value of 0 indicates
equal efficacy and values above 0 indicate that the community
was more effective.

Equation (2)

_ Efficacy,

. _Effi
Dimax = Sfficacypes

Efficacypes

Statistical analysis

The relationship between phage strain richness and efficacy
was analysed using a previously described linear model
method designed to separate significant factors affecting
biodiversity-ecosystem functioning [29]. Phage richness and
functional diversity (i.e. number of different receptor targets)
were included as interacting main effects, alongside other
main effects of receptor targets (i.e. presence of LPS- and/
or T4P-targeting phages), phage identity (including pairwise
and higher order interactions between phages as separate
main effects) and non-linear effects of phage richness. Due
to the saturating relationship between phage richness and
efficacy, we also fitted a non-linear asymptotic exponential
model to the data. Model parameters were determined using
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Fig. 1. Saturating relationship between the efficacy and richness
of phage combinations. The efficiency of phage combinations was
measured as mean efficacy (+sp) of bacterial growth suppression in
the presence of phage relative to phage-free growth; raw data in grey.
The dotted line at 1 indicates complete suppression of bacterial growth
by the phage community. An asymptotic exponential with the equation
shown was fit to the data using a non-linear least squares model.
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Fig. 2. Functionaldiversity increases the efficacy of phage combinations.
Efficacy of phage combinations with low functional diversity (FD=1),
where all phages target either LPS (a) or Type IV pilus (b), and phage
combinations with high functional diversity (FD=2) which include
phages targeting both the LPS and Type IV pilus (c). Efficacy is measured
as suppression of bacterial growth by phages relative to phage-free
populations; mean values (+sb) are shown in black, with raw data in
grey to show the distribution of data points. The dotted line indicates
the theoretical maximum reduction (i.e. no bacterial growth detected).
Linear regression equations relate to the relationship between phage
richness (x) and efficacy (y); note that for (c), an asymptotic exponential
model (shown in grey) better explains this relationship (AIC |
=205; AIC =(-)1190).

inear

model asymptotic model

the non-linear least squares function in R [33], and compared
to equivalent linear models using the Akaike information
criterion (AIC).

The effects of richness, functional diversity and phage identity
on transgressive overyielding were also analysed using a linear
model. Significant interaction terms between functional
diversity and richness, functional diversity and phage identity,
and pairwise interactions between phages were included in
the model. Here, receptor target was excluded from the model
as it was not significant. Non-linear richness was included as
an explanatory variable, and best fits of regression models
(linear versus decaying exponential model) were assessed by
AIC to fit regression curves to the plotted data. All analyses
were performed in R (version 3.5.2 [33]).

RESULTS

Diminishing returns of increasing phage richness
on phage combination efficacy

The efficacy of phage combinations, measured as their ability
to reduce bacterial growth, increased with phage commu-
nity richness (i.e. number of phage strains). However, phage
richness explained only 30% of the variation in efficacy
(Fig. 1; linear model . F, ,,=2497, P<0.0001, R?=0.303).
Non-linear models expfained a greater proportion of the
variation: the relationship between richness and efficacy
was best explained by an asymptotic exponential model
where the asymptote was reached when bacterial growth was
completely suppressed (Fig. 1; AIC |, =205 AIC .
oae=(—)1190). This suggests that there were low-richness
phage combinations that were as effective as the highest
richness phage combination, whose efficiency could not be
improved with additional phages, probably due to functional
redundancy among the constituent phage strains.

Increased phage functional diversity improves
phage combination efficacy

Including functional diversity (FD), in terms of the receptor
targeted by the phage, in the model explained substantially
more of the observed variation in efficacy: phage functional
diversity and strain richness together accounted for ~70%
of the variation in efficacy (Fig. 2; linear model ;. main
effects of phage diversity and functional diversity and
their interaction: F,, =4476, P<0.0001, R*=0.701). Phage
pairs with functional diversity outperformed phage pairs
targeting LPS or T4P alone (LPS +T4P vs LPS only, species
richness=2: F1)358=633, P<0.0001; LPS +T4P vs T4P only,
species richness=2: F, , =10.78, P=0.0012). Phages targeting
T4P contributed more to efficacy than LPS-binding phages,
such that combinations containing only T4P-binding phages
outperformed combinations containing only LPS-binding
phages (Fig. 2a, b; linear model ;. . coefficient of T4P-
binding phages: t=11.16, P<0.0001; coefficient of LPS-binding
phages: t=(-)24.57, P<0.001). Functionally diverse combina-
tions containing phages targeting both LPS and T4P recep-
tors showed a saturating relationship between efficacy and

phage richness and completely supressed bacterial growth at
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Fig. 3. Degree of transgressive overyielding is determined by phage
functional diversity. Transgressive overyielding, D__, describes the
efficacy of phage combinations relative to the best constituent phage as
a monoculture. Phage combinations either target one receptor [FD=1;
(a) LPS binding; (b) T4P binding] or include phages targeting LPS and
targeting T4P [FD=2; (c) LPS +T4P binding]. Mean values (+sD) are
shown in black, with raw data in grey to show the distribution of data
points; regression lines were fit either as a linear model (a, b) or an
exponential degradation model (c).

lower levels of phage diversity than combinations targeting
only a single receptor (Fig. 2c). Phage identity accounted
for only ~3% of the remaining variation in efficacy (linear
model ;- F,, . =15.45, P<0.0001). Consistent with stronger
complementarity effects at higher functional diversity, we
observed greater transgressive overyielding for high compared
to low functional diversity combinations (Fig. 3; linear
model, . F, _ =498.7, P<0.0001). Moreover, transgressive
overyielding was stronger at lower levels of phage richness
for high but not low functional diversity combinations (Fig. 3,
linear model, ., richness F . =31.1, P<0.0001; interac-
tion: functional diversityxrichness F, ;. =136, P<0.0001). A
decrease in transgressive overyielding with species richness
is expected due to phage identity effects. The phages used
here varied in their individual efficacies, some approaching
the maximal possible efficacy, achieved when no bacterial
growth is detected, when alone (highest individual phage effi-
cacy ~0.8, Fig. S2). Higher diversity phage combinations are
more likely to contain highly performing individual phages,
thus limiting the potential for transgressive overyielding.
Together, these data suggest that although the presence of
certain phage strains could influence efficacy, functional
diversity was the strongest predictor, leading to high efficacy
even in low-richness phage combinations.

DISCUSSION

To enable rational design of phage therapy combinations,
it is important to understand the key factors which deter-
mine a phage combination’s efficacy in supressing bacterial
growth. Applying concepts from the analysis of ecological

biodiversity-ecosystem function relationships, we compared
the relative contributions of phage richness, phage identity
and functional diversity in determining the efficacy of phage
combinations. We observed a saturating relationship between
phage richness and efficacy, consistent with diminishing
returns of increasing richness due to functional redundancy
among phages at higher richness levels. Correspondingly,
phage combinations with higher functional diversity, in terms
of the number of cell surface receptors targeted for phage
adsorption, were more effective at suppressing bacterial
growth and were able to do so at lower levels of phage rich-
ness (e.g. two or three phages) than low functional diversity
combinations. Functionally diverse phage combinations
targeting different adsorption receptors displayed higher
transgressive overyielding and stronger complementarity
at low levels of phage richness, achieving up to three-fold
higher efficacy than their best constituent phage even for
combinations of just two phages. Together, our data suggest
that functional diversity is the most important determinant
of the efficacy of phage combinations.

By maximizing functional diversity, phage combinations can
be optimized for bacterial killing at low strain diversity, thus
reducing the regulatory hurdles of preparing more complex
therapeutic combinations [13, 14, 22]. Functional comple-
mentarity between phages targeting different adsorption
receptors is likely to have two key benefits: first, decreased
competition for binding sites to adsorb to the bacterial cell
may lead to increased lysis and second, functionally diverse
phage combinations are more likely to suppress resistance
evolution. In this study, the efficacy of phage combinations
was measured 24 h post-exposure to phages, which is suffi-
ciently long to permit the evolution of phage resistance if this
is possible against the phage combination [28]. The majority
of resistance mutations arising against our phage panel target
the genes encoding the bacterial cell surface receptors (LPS
and T4P [28, 31]), and as such, promote cross-resistance
to alternative phages which adsorb to the same receptor.
However, cross-resistance may not be absolute, for example
if phages target different binding sites on the same receptor,
and this could explain the increase in transgressive overy-
ielding with increased species richness we observed for phage
combinations targeting a single receptor. In contrast, even
weak resistance to a functionally diverse phage combination
is likely to require multiple independent resistance mutations
(e.g. modification of each adsorption target [31]), which will
co-occur in the same cell with far lower probability.

In addition to increasing efficacy against a single bacterial
genotype, higher functional diversity may also prove benefi-
cial in more complex scenarios. For example, functionally
diverse phage combinations are likely to be able to target
a broader diversity of bacterial genotypes. This could be
particularly relevant in the treatment of chronic infections,
where the bacterial populations typically undergo extensive
evolutionary diversification (e.g. in response to host-path-
ogen interactions) [34, 35]. This can lead to altered expression
of common phage receptor targets, including modification
and even loss of LPS components and T4P [36-38], which
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can reduce susceptibility to phage infection [39, 40]. Essen-
tiality of different cell-surface receptors across environments
may explain differences in observed efficacy between phages
targeting different adsorption receptors. Phage combinations
targeting a broader range of cell surface receptors will be more
likely to be able to infect and clear such host-adapted bacterial
populations.

In this study, functional phage diversity was limited to two
cell surface receptor targets, but further increases in the
diversity of receptors targeted by phage combinations are
likely to lead to further increases in their efficacy. Examples
of other P. aeruginosa cell surface receptors used for phage
adsorption include outer membrane porins [41] and other
membrane-anchored proteins such as TonB-dependent
receptors, which can be involved in iron-siderophore uptake
[24, 42]. Our findings are limited by the use of a single host
strain, which expresses surface receptors for all phages used
in this study, and in which the phages were amplified such
that any active restriction-modification system would be
redundant. To understand how functional diversity is likely
to influence phage therapy clinically, it will be necessary to
investigate the efficacy of phage combinations against a more
diverse panel of bacterial host strains. This approach would
take into account strain differences in receptor expression
and the presence of additional post-infection resistance
mechanisms, such as CRISPR-Cas [43] and other phage
defence systems. Inducible resistance mechanisms may be
preferentially selected in vivo because of their lower fitness
costs compared to surface receptor modification mutations
[44]. Unlike surface modification resistance mutations,
CRISPR-mediated resistance is likely to promote different
cross-resistance interactions between phages mediated by
their genetic similarity rather than their receptor target for
adsorption. This suggests that whilst functional diversity of
phage strains is necessary to limit the evolution of cross-
resistance via surface modification, maximizing genetic
diversity could be important to limit cross-resistance via
sequence-based resistance mechanisms such as CRISPR-Cas,
restriction modification or other recently discovered phage
defence systems [45].

To conclude, our findings suggest that maximizing functional
diversity is a simple and effective rule for designing high-
efficacy, low-richness phage combinations overcoming the
regulatory hurdles associated with preparation of complex
phage cocktails.
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