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The interactions between plants and their animal pollinators and
seed dispersers have moulded much of Earth’s biodiversity1–3.
Recently, it has been shown that these mutually beneficial inter-
actions form complex networks with a well-defined architecture
that may contribute to biodiversity persistence4–8. Little is known,
however, about which ecological and evolutionary processes gen-
erate these network patterns3,9. Here we use phylogenetic meth-
ods10,11 to show that the phylogenetic relationships of species
predict the number of interactions they exhibit in more than one-
third of the networks, and the identity of the species with which
they interact in about half of the networks. As a consequence of the
phylogenetic effects on interaction patterns, simulated extinction
events tend to trigger coextinction cascades of related species. This
results in a non-random pruning of the evolutionary tree12,13 and a
more pronounced loss of taxonomic diversity than expected in the
absence of a phylogenetic signal. Our results emphasize how the
simultaneous consideration of phylogenetic information and net-
work architecture can contribute to our understanding of the
structure and fate of species-rich communities.

Plant and animal species establish mutually beneficial interactions
such as pollination and seed dispersal that can form complex net-
works of dependency. Recent work has characterized the architecture
of mutualistic networks, with the ultimate goal of understanding
their formation and maintenance and the coevolution of species
within them. These networks are very heterogeneous (some species
have a much larger number of interactions than expected by
chance)4, and nested (specialists interact with proper subsets of the
species that generalists interact with)5, and are built on weak and
asymmetric links (for example, if a plant species depends strongly
on an animal species, the dependence of the animal on that plant is
much weaker)6. The next step on the road to understanding these
networks is to disentangle the contribution of different evolutionary
and ecological processes in generating their patterns3,9,14.

Here we ask to what extent network architecture is associated with
species phylogenetic relationships (Fig. 1), and whether coextinction
cascades following a species disappearance7 involve phylogenetically
related (that is, non-randomly sampled) species. The presence of a
phylogenetic signal, where patterns of interactions between species can
be partly explained by phylogenetic relatedness, would suggest that net-
work patterns are partially dependent on past evolutionary history, and
so cannot be exclusively explained by current ecological processes14–17.

We compiled the largest data set of plant–animal mutualistic inter-
actions, comprising 36 plant–pollinator and 23 plant–frugivore
mutualistic networks spanning a broad geographic range (data sets
are available as Supplementary Information). For each network, we
reconstructed the phylogenies of the animals and plants (see Supple-
mentary Methods). We then characterized two components of net-
work architecture. First, we considered the number of interactions

per species, that is, species degree4,18, and its quantitative extension,
species strength. The strength of a plant species, for instance, is
defined as the sum of dependences or interaction weights of the
animal species on that plant6. These simple components of network
architecture reflect the generalization level of a given species and its
quantitative relevance in terms of how other species depend on it.
Second, we considered the identity of each species’ interactors
(Methods). Both the number of interactions per species, and the
identity of the species with which they interact have been identified
as major determinants of network architecture and robustness7,19,20.
With the phylogenies and these components of network structure at
hand, we applied phylogenetic statistical tools10,11 to characterize the
extent to which closely related species tend to have similar patterns of
interactions (Fig. 1).
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Figure 1 | A phylogenetic approach to mutualistic networks. We test to
what extent the architecture of coevolutionary networks is associated with
evolutionary history conveyed in the phylogenies of plants and animals. A
plant (green circles) and an animal (red squares) are linked if the latter is a
pollinator or a seed disperser of the former. Symbol size is proportional to its
number of links. a–c, Examples where phylogeny accurately predicts the
number of interactions (a), phylogeny does not predict the number of
interactions (b), and the real correspondence in one network (c) (see NCOR
in the Supplementary Methods).
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Randomization tests (see Methods) suggest a significant phylogen-
etic signal in species degree in 24.8% of the data sets (26 of 105
phylogenies, one-tailed P , 0.05; Fig. 2a). Power analyses indicate
that these estimates are highly conservative, suggesting that phylo-
genetic effects may be present in a larger proportion of the com-
munities (Supplementary Figs 1 and 2). Also, the probability of
detecting a signal in species degree seems to increase with phylogeny
size (for example, 54.5% of the 22 phylogenies with more than 70
species showed significant signal; Supplementary Fig. 1). The nega-
tive association between the amount of phylogenetic signal estimated
as K and phylogeny size (Fig. 2a) is probably an artefact. Even though
the expectation of K is 1 under the null hypothesis of the true phylo-
geny, its lower bound decreases with the number of species in the
phylogeny. Alternatively, Ornstein–Uhlenbeck branch-length trans-
formation methods11 (Methods) supported a significant signal in
degree in 36.2% of the phylogenies where analyses converged (25
out of 69). P-values from randomization and branch-length trans-
formation tests were highly positively correlated (P , 0.001), indi-
cating that these two tests provide similar results. Thus these results
show that phylogenetically related species have a similar number of
interactions per species in at least one out of four phylogenies en-
compassing 39.0% of the networks.

Conversely, significant signal in species strength is present in only
2.6% of the phylogenies according to randomization tests (1 of 38;
Fig. 2b), and in 20.8% of the phylogenies where branch-length trans-
formation converged (5 of 24). The amount of phylogenetic signal for
species strength was significantly lower than estimates for degree
(paired t-test between log-transformed K values, t37 5 1.806, one-
tailed P 5 0.039; Fig. 2c). In spite of the significant positive correla-
tion between degree and strength6, estimates of species strength may
be subject to higher levels of uncertainty associated with proximate
factors such as species abundance variability, changes associated with
phenological sequences, and sampling errors that tend to decrease
phylogenetic signal11. This hypothesis could be tested by determining
how estimates of species degree and strength vary over time in the
same communities, the expectation being that species strength would
show larger fluctuations than would degree. Alternatively, one could
test whether the signal for strength increases after normalizing by
species abundance. Nonetheless, our results suggest that species
degree has stronger phylogenetic signal than strength.

Turning now to our second component of network architecture—
which species interacts with which—we tested whether phylogenetic
relatedness correlates with ecological similarity. The ecological sim-
ilarity of any two species is defined as the number of species with
which they both interact divided by the total number of species with
which they interact (Methods). Phylogenetic and ecological distance
matrices are positively and significantly correlated in 42.7% of the
phylogenies (44 of 103, one-tailed Mantel test, P , 0.05). This means
that phylogenetically related species tend to interact with a similar set
of species. To determine whether this result is a consequence of the
phylogenetic signal in degree reported above, we repeated these tests,
controlling for differences in the number of interactions per species
(partial Mantel test, see Methods). The results remained qualitatively
similar. Partial Mantel correlations are significant in 46.6% of the
phylogenies, supporting the idea that phylogeny is associated with
the identity of the species’ interactors after controlling for degree.

The association between phylogenetic resemblance and ecological
similarity tends to be more common among animals: 60.8% of
Mantel correlations between ecological and phylogenetic distance
matrices were significant for animals, whereas 25.0% were significant
for plants (Fig. 3). In addition, comparison of the Mantel coefficients
Z for plants and animals indicated that animal phylogenies were
more strongly associated with species interaction patterns than were
plant phylogenies (paired t-test between log-transformed values,
t43 5 3.218, one-tailed P 5 0.001; Fig. 3). Further, these results are
robust even when the number of animal and plant species is statist-
ically controlled (analysis of covariance, ANCOVA, F1,100 5 10.16,
P 5 0.02). Results from partial Mantel tests controlling for degree
were qualitatively similar (paired t-test, t43 5 2.576, one-tailed
P 5 0.014). It would be interesting to investigate multiple alternative
hypotheses, such as differences in mobility and evolvability21–23, to
determine the cause of this difference.

Although network structure seems significantly more associated
with animal phylogenies, structure may be driven by the evolutionary
history of both plants and animals (7 of 44 communities), only plants
or only animals (3 and 21 communities, respectively), or neither
plants nor animals (the remaining 13 communities). This highlights
the large variability across networks, indicated by the residual vari-
ation of K or Z after controlling for phylogeny size (Figs 2 and 3;
Supplementary Table 1). Part of this variability is related to the taxo-
nomic diversity of the plant lineages, though apparently not to the
diversity of frugivores (fruit-eaters) or pollinators according to
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Figure 2 | Magnitude of phylogenetic signal on the number and strength of
mutualistic interactions. Relationship between the magnitude of
phylogenetic signal K and phylogeny size, estimated for species degree
(a), and strength (b). Each data point represents a phylogeny: green circles
for plants and red squares for animals. Solid symbols indicate statistically
significant phylogenetic signals. c, Comparison of phylogenetic signal for
species degree and strength. Green and dashed red bars correspond to plants
and animals, respectively. Estimates obtained for degree were significantly
higher.
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Figure 3 | Correlation between ecological similarity and phylogenetic
relatedness. Results of regular Mantel tests correlating phylogenetic and
ecological distance matrices plotted against phylogeny size, obtained for
plants (a) and animals (b). Each data point corresponds to a phylogeny, and
a solid symbol indicates a statistically significant correlation. c, Comparison
between Mantel Z estimates obtained separately for plants and animals
composing each network. Communities where interaction patterns are more
associated with animal phylogenies are depicted in red; those more
associated with plants in green. The phylogenetic structure of animals
correlates significantly better with interaction matrices than that of plants.
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several regression models (Methods). One plausible explanation for
this result is that flower or fruit morphology is variable across the
taxonomic groups examined, whereas phenotypic variation for fru-
givores and insects is more relevant at other taxonomic levels.
Partitioning the phenotypic variance across taxonomic groups may
address this hypothesis, and also clarify the mechanisms by which
evolutionary history translates into patterns of interactions.

We have shown that phylogenetically related species tend to have
similar roles in the network of interactions in almost half of the
communities studied here. These effects are not a reflection of differ-
ences between major taxonomic groups only, because they also
appear at finer scales of the phylogenies (Supplementary Fig. 3). In
light of this, we tested whether simulated coextinctions7 involve taxo-
nomically related species more often than expected by chance for
cascades of identical size (Methods). This would result in a non-
random pruning of the evolutionary tree12,13. Simulations show that
the rate of taxonomic diversity loss is higher than expected in the

absence of phylogenetic signal (Fig. 4). Although these effects may
seem quantitatively small (partly owing to the averaging nature of
the index), they can actually encompass the extinction of entire fam-
ilies or higher taxonomic groups from the community. The overall
reduction in taxonomic diversity holds across communities, so that
values falling below the null expectation are significantly more fre-
quent than those above it (x2 5 50.7, degrees of freedom, d.f. 5 1,
P , 0.0001; Fig. 4). Moreover, the contribution of phylogeny to spe-
cies patterns of interaction correlates with the magnitude of taxo-
nomic diversity loss across communities (P , 0.05 for parametric
and non-parametric correlations; Fig. 4c). Therefore, communities
in which species interactions have a strong phylogenetic component
are more prone to have closely related species going coextinct fol-
lowing an extinction event. We conclude that the interaction between
network and phylogenetic structures can ultimately result in non-
random coextinction patterns.

Plant–animal mutualisms form heterogeneous, nested networks
built on weak and asymmetric links among species, which may facil-
itate long-term species persistence6,7. Our results provide evidence
for the role of phylogenetic relationship as one determinant factor
shaping these patterns: phylogeny partly accounts for species’ pro-
pensities to interact in more than one-third of the networks, and the
identity of the species with which they interact in about half of the
networks. From a theoretical point of view, our results warrant the
inclusion of evolutionary history into mechanistic models of network
formation and maintenance24. From a conservation perspective, our
results show that cascading effects of coextinction may spread across
taxonomically related species, further increasing the erosion of taxo-
nomic diversity.

METHODS SUMMARY

The amount of phylogenetic signal in degree and strength was quantified with

the K statistic, which is the fraction of the amount of signal of the real data set

over that expected, assuming brownian motion and the same tree topology.

Significance of phylogenetic signal was tested with randomization and branch-

length transformation methods11.

We used Mantel tests to compare phylogenetic distance matrices with mat-

rices of ecological distance. Phylogenetic distance between pairs of plants (or

animals) was estimated as the expected covariance of the trait between the two

species11,25. Ecological distance was calculated as 1 2 S, where S is the Jaccard

index of similarity26. We also performed partial Mantel tests controlling for the

absolute difference in degree between two species.

Species removal simulations started from the most specialized to the most

generalized species7. After an extinction cascade, we calculated the community

taxonomic diversity as the average taxonomic distance between species27. Path

length weights between species increased the more distantly related they were

taxonomically (that is, species of the same genus have a distance of 1 whereas

species from different genera within the same family have a distance of 2, and so

on). Thus, the higher the index, the more diverse the community. To calculate

the decrease of taxonomic diversity of the real community with respect to the

expected decrease in the absence of phylogenetic signal, we replicated the coex-

tinction cascade 1,000 times after randomizing the taxonomic affiliation of

species going coextinct. The taxonomic diversity relative to the null expectation

was the ratio between real and null values, and the significance was estimated by

counting how often the real value fell below the randomization results. The

average rate of taxonomic loss per community was calculated as the slope of a

linear regression with an intercept forced through 1.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Database. We compiled 59 qualitative mutualistic networks (36 plant–pollinator

and 23 plant–frugivore webs) describing the presence or absence of interactions.

The data set encompasses Mediterranean, tropical, temperate, subtropical and

Arctic communities from all continents except mainland Asia and Antarctica. Of

these networks, 22 (9 for pollination and 13 for frugivory) are quantitative,

describing the strength of each interaction or pairwise dependence (see data sets

in Supplementary Information). From these networks, we calculated species

degree and species strength for plants and animals separately, and recorded the

taxonomic affiliation of species forming each community.

Phylogenies. We assembled one animal and one plant phylogeny for each com-

munity. Phylogenies are based primarily on molecular data, with a few species

included according to taxonomic information (Supplementary Methods).

Phylogenies with less than ten species or with too many unresolved nodes were

not included in analyses. This resulted in 105 phylogenies for the following

groups: 35 insect phylogenies (Class Insecta; all pollinators), 18 bird phylogenies

(Class Aves; all frugivores), and 52 angiosperm phylogenies (Infraphylum

Angiospermae; 33 belonging to plant–pollinator and 19 to plant–frugivore

networks).

Phylogenetic statistical methods. We tested for the presence of phylogenetic

signal on species degree and strength with randomization and branch-length-

transformation tests11. These methods test whether species attributes are signifi-

cantly associated with phylogeny, using randomization or maximum-likelihood

procedures. Branch-length transformation tests were performed assuming the

Ornstein–Uhlenbeck model of stabilizing selection and a model in which char-

acter evolution can accelerate or decelerate (ACDC)11. Because ACDC models

did not converge in most cases, here we discuss results from the Ornstein–

Uhlenbeck model (all analyses are included in Supplementary Material for

completeness). Although these techniques provide similar information about

the presence of a phylogenetic signal, applying both methods can be useful in

determining how robust our results are and in overcoming limitations inherent

to each statistical test (Supplementary Figs 1 and 2). The amount of phylogenetic

signal was quantified with the K statistic (Fig. 2), which is the fraction of the

amount of signal of the real data set over that expected, assuming brownian

motion and the same tree topology.

We used Mantel tests to compare phylogenetic distance matrices with mat-

rices of ecological distances between species. Phylogenetic distance between pairs

of plants (or animals) was estimated as the expected covariance of the trait

between the two species11,25. Ecological distance was calculated as 1 2 S, where

S is the Jaccard index of similarity obtained from qualitative interaction mat-

rices26. The similarity between two species i and j is defined as S(i, j) 5

a/(a 1 b 1 c), where a, b and c represent the number of shared interacting

species, the number of interactions specific to species i, and the number of
interactions exclusive to species j, respectively.

Because differences in degree affect Jaccard estimates, we also performed

partial Mantel tests controlling for degree (the pairwise distance in degree was

calculated as the absolute difference in degree between two species; Supplemen-

tary Methods). Hence, this partial test can discern whether phylogeny strictly

affects the species with which species interact, independently of the total number

of interactions of each species. When necessary, estimates were log-transformed

to improve normality (or log-value 1 1 for statistics varying between 21 and 1,

as Mantel’s Z).

According to regression models controlling for phylogeny size, community

size, and number of interactions, phylogenetic signal was similar for frugivory

and pollination networks (P . 0.28 for K and for Mantel’s regular and partial Z),

hence results were pooled.

Taxonomic diversity and coextinction simulations. As a surrogate for phylo-

genetic diversity, we estimated taxonomic diversity of plants and animals in the

largest available phylogenies (23 plant and 27 pollinator phylogenies with more

than 30 species, and 15 bird phylogenies with more than 15 species; see

Supplementary Methods). The mean taxonomic distance between all species
was employed as an index of taxonomic diversity27 in subsequent regressions.

Extinction cascades were simulated for the ten largest communities (all having

more than 40 animal and plant species) with available taxonomic affiliation,

following ref. 7. After one species is removed, species left without any interaction

go coextinct. Species removal started from the most specialized (least-linked) to

the most generalized (most-linked) species, which was proposed as a more

plausible extinction sequence because specialist species tend to be less abundant

than generalists4,7,8. In spite of several assumptions implicit in the model (for

example, all plants require animals for reproduction, and species cannot adapt to

new resources), this approach provides the first reasonable attempt to study

coextinction patterns in phylogenetically structured networks7. Although

these assumptions may affect the total number of species going extinct7, our

comparisons involve coextinction cascades of the same size, with and without

phylogenetic signal.

After an extinction cascade, we calculated the decrease of taxonomic diversity

of the real community respect to the expected decrease in the absence of phylo-

genetic signal. This was done by replicating the coextinction cascade after ran-

domizing the taxonomic affiliation of species going coextinct (that is, nodes
remain unchanged but their ‘name tags’ are shuffled). This null model removes

effects of phylogenetic relatedness11 controlling for network structure and spe-

cies number. The relative taxonomic diversity is the ratio between real and null

values, and the average rate of taxonomic loss per community is the slope of a

linear regression with an intercept forced through 1 (that is, real values and the

null expectation are equal when no species are removed).
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colleagues’ technique1 is the sequential control 
over a self-assembly process that involves differ-
ent interactions — first hydrophobic forces, then 
electrostatic repulsion and finally van der Waals 
attraction. Sequential self-assembly has been 
carried out before, most notably in beautiful 
experiments by Ned Seeman6 and Chad Mirkin7 
and their colleagues using artificial sequences of 
DNA. But those experiments use the coding of 
DNA base pairs rather than different forces to 
control the sequence of self-assembly. Moreover, 
they are ‘biokleptic’ (Seeman’s term): that is, they 
borrow heavily from biological processes. Onoe 
and colleagues’ approach is more general and,  
at the current stage of development, much less 
powerful. It does, however, represent a useful 
addition to our toolbox.

To develop self-assembly into a practical 
technology, we will need to be even more inge-
nious than nature, exploiting all the interactions 

at our disposal and creating yet-to-be envis-
aged pathways. The recent work1 takes us a step 
further down that road. ■
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EVOLUTIONARY BIOLOGY 

Structure in mutualistic networks 
Susanne S. Renner

Statistical analyses of the networks formed by plant–animal mutualisms 
can now take account of the relatedness of the players on either side. How 
helpful is this innovation for understanding network dynamics?

The mutually beneficial relationships between 
plants and animals take several forms. One 
example is pollination. Another is the process 
by which a fruit-eating creature, a frugivore, 
gets a meal and subsequently disperses a plant’s 
seeds in its droppings. 

In the context of a local ecological commu-
nity, such relationships can be seen as networks 
in which the evolutionary dynamics of the part-
ners may be mutually dependent, contributing 
to an array of coevolutionary processes1. 

On page 925 of this issue, Rezende et al.2 
report an analysis of plant–pollinator and 
plant–frugivore networks that includes infor-
mation on the evolutionary history of the part-
ners — that is, on the phylogenetic relatedness 
of each partner to other plants or animals in the 
network. Their aim was to determine whether 
relatedness affects network structure and 
whether it predicts ‘cascades’ of coextinction. 
This is the first such evolutionary network anal-
ysis, and it highlights both the power and the 
limitations of the approach. Two central con-
cepts are those of species ‘strength’ and species 
‘degree’ (as described in Box 1, overleaf, which 
gives the background to the method). Combin-
ing the two concepts has produced a boom in 
the analysis of plant–animal networks2–4.

In mutualistic networks, optional interactions 
occurring among many species are common; 
most interactions are strongly asymmetric; and 
species interact with nested subsets of partners1,5,6. 
Thus, a large number of species having few inter-

actions coexists with a relatively small number 
of super-generalists. Relatively rare plants and 
animals, as well as those with comparatively few 
partners, interact primarily with a core group of 
abundant generalist species. 

Related participants in mutualisms are likely 
to have similar morphology, physiology and 
behaviour. These are traits that evolve as line-
ages diversify, so we would expect the structure 
of mutualistic networks to be influenced by the 
hierarchical phylogenetic relationships present 
in a particular community. This is the assump-
tion Rezende et al.2 set out to test. Statistical 
methods to estimate the role of phylogenies 
in explaining patterns of trophic (feeding) 
association are now available2,7; these meth-
ods are based on established statistics for the 
phylogenetic comparative method8,9. The basic 
approach is to structure the problem of pollina-
tor–flower associations as a statistical model in 
which phylogenies are used to give the covari-
ance structure of the ‘error’ terms. 

Rezende et al. applied these methods to 59 
plant–pollinator and plant–frugivore networks, 
which were compiled from the literature. Their 
approach involved obtaining phylogenies for 
the insects in 35 networks, birds (all frugivores) 
in 18, and flowering plants in 52. The number 
of interactions per species was significantly 
phylogenetically conservative in 25% of the 
phylogenies (26 of 105) and a third of the net-
works. Small phylogenies provide little power to 
detect phylogenetic effects, and when only the 

22 phylogenies with more than 70 species were 
considered, this percentage increased to 55%. 
A correlation between phylogenetic relatedness 
and ecological similarity — the fraction of com-
mon interactors between two species — was 
detectable in 43% (50 of 103) of phylogenies. 

For their ten largest communities (those with 
more than 40 animal and plant mutualists), 
Rezende et al. simulated coextinction cascades 
by removing pollinators systematically, start-
ing with the least-linked (most specialized) 
partners and moving to the most-linked (most 
generalized). Species left without any local 
interaction were assumed to become extinct. 
The simulations show that related species do 
tend to become extinct together, although the 
effects were small. 

Overall, given the modest percentage cor-
relations cited above, Rezende and colleagues 
find that phylogenetic relationships do not have 
a marked effect on the degree and strength of 
interactions in local communities. This result 
will disappoint those who expect to find such 
a signal in every nook and cranny. One expla-
nation may lie in the hugely varied temporal 
scales over which the hundreds of plant and 
animal species in the 59 local networks have 
been interacting. The networks encompass 
Mediterranean, tropical, temperate, subtropical 
and Arctic communities, which differ greatly 
in their stability and numbers of evolution-
arily old or recent species. Also, some of the 
communities have comparatively few closely 
related species, and so lack a strong phyloge-
netic structure. Given the different temporal 
and spatial scales over which different pol-
linators (birds, bees, flies, beetles) and plants 
(tropical or temperate, woody or herbaceous) 
evolve, very large networks may be needed to 
discern phylogenetic signals in interaction 
strength and degree10. 

However, even then, phylogeny might not 
predict numbers and kinds of mutualistic 
interactions. As has been shown11 for a network 
involving many insects and one focal plant, 
broad-leaved lavender (Lavandula latifolia), 
having few or many visitors to a flower may not 
be a trait that is invariant at the species level, 
but instead may depend on research design 
(sampling effort) and biological phenomena 
(variation in absolute and relative pollinator 
abundance or visitation rates). If a large pro-
portion of the interactions counted in pollina-
tion networks are not species-level traits, this 
would explain the absence of clear phylogenetic 
effects in insect–flower networks. 

There is a risk that treating mutualistic net-
works as “coevolved structures rather than 
as diffuse multispecific interactions”5 could 
lead research on networks into a trap from 
which community ecology has long escaped12. 
Instead of revealing coevolved interactions, 
Rezende and colleagues’ results might be taken 
as showing that such interactions are not very 
important. And in terms of extinctions, the 
formation of associations between migrating 
or invading species and local generalist species 
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might actually encourage the persistence of 
local species in the long term2,5,10. 

Nonetheless, with habitat fragmentation and 
climate change now occurring so rapidly, mutu-
alistic networks are likely to be severely affected 
in many places. Setting networks in an evolu-
tionary context might help to predict their level 
of resilience. Using the approach developed by 
Rezende et al., future work on networks might 
incorporate indirect antagonistic interactions 
affecting mutualistic networks — such as those 
in which herbivores consume flowers or fruits 
to the detriment of the plants concerned. ■ 
Susanne S. Renner is in the Department of 
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Quantitative approaches to 
understanding plant–animal 
mutualisms go back to the 
application of food-web 
theory to a large sample of 
pollination and seed-dispersal 
networks13. Mutualistic 
interactions can be arranged 
as a matrix of dependences 
between a = 1, 2, ..., i species of 
animal and p = 1, 2, …, j species 
of plant, with the total number 
of species in the system, M, 
equal to a + p. 

One can then examine the 
proportion of all possible 
interactions that actually 
occur and, for interacting 
pairs of species, estimate the 

relative magnitude of the 
interaction, or the number 
of interactions per species 
(referred to as species 
‘degree’). The realized number 
of interactions (connectance) 
scales in proportion to M; 
the potential number of 
interactions scales as a µ p; 
the average number of 
interactions per species varies 
independently of M (ref. 13). 
Because connectance covaries 
with species richness (as in 
other food webs), network 
studies control for M by 
doing regression analysis on 
residuals. 

Recently, two further 

parameters have been 
introduced5, quantifying 
mutual dependence or 
species ‘strength’. The first is 
the dependence of plant 
species j on animal species i 
— that is, the fraction of all 
visits from a particular animal 
species. The second is the 
dependence of animal species 
i on plant species j (that is, the 
fraction of all visits by this 
animal species going to a 
particular plant species). This 
allows an index of asymmetry 
to be calculated for each 
pairwise interaction, paving 
the way for the latest 
analyses2–4. S. S. R.

Box 1 | Methods for quantifying mutualisms

MATERIALS SCIENCE   

Embedded shells decalcified
Catherine Picart and Dennis E. Discher

Synthetic microcapsules with membrane-bound inner chambers in which 
chemical reactions can be isolated and controlled have been assembled, 
layer by layer. Could artificial cells be on the horizon?   

The next time you eat an apple, take a moment 
to consider its hierarchical structure. The 
thin, durable skin wraps around the delecta-
ble fruit, in which can be found seeds; those 
seeds, in turn, have a coating of their own to 
encase their contents. Animal cells possess a 
similar arrangement of embedded compart-
ments: cell membranes confine the machinery 
of life, including the nuclei with their mem-
brane-ensconced genomes. Both cell and 
nuclear membranes self-assemble from lipid 
molecules, and are fortified with networks of 
proteins whose structures are templated by 
interactions with the membranes. The hierar-
chical assembly of a synthetic, cell-like struc-

ture has now been described in Angewandte 
Chemie by Kreft et al.1. They have used micro-
spheres of calcium carbonate as templates to 
construct polymeric, shell-within-shell cap-
sules. Once the structures are assembled, the 
templates are simply washed away.  

The authors adopted a strategy known as 
layer-by-layer (LbL) assembly, which entails 
dip-coating a template alternately in two 
polymer solutions, one of which is positively 
charged and the other negatively charged. A 
wide range of polymers can be deposited in 
this way, to make multilayered structures with 
an array of physical and chemical properties, 
and many potential applications2. In addition, 

these surface-grown films can coat a broad 
range of substrates, from large flat surfaces 
to highly curved colloidal particles. Flexible 
polymers can be layered onto complex, curved 
geometries — for example, red blood cells, 
which have a concave structure, have been 
used as templates for LbL assembly3. 

Kreft et al.1 used microspheres of ionic cal-
cium carbonate as the template for the inner 
capsule of their structures. These spheres offer 
two advantages as templates for LbL assembly. 
First, they can be dissolved at the end of the 
process by washing with a solution of EDTA 
(a molecule that traps calcium ions); this is a 
milder way of removing templates than previ-
ously reported methods, which involved harsh 
organic solvents. Second, calcium carbonate 
can be used as a matrix to trap biomolecules, 
including proteins and DNA4, as the processes 
involved are mild and ‘biofriendly’. 

The authors began by forming microspheres 
of calcium carbonate, using them as a matrix 
to immobilize protein molecules (Fig. 1, over-
leaf). They also trapped magnetic nanoparti-
cles in the spheres to provide an easy method 
of separating intermediates from unwanted 
co-products during the assembly process. The 
authors coated the spheres with ten alternating 
layers of synthetic polymers, and then grew a 
thick shell of calcium carbonate on the surface 
of the resulting polymer film; a second kind of 
protein was incorporated into this layer. The 
authors deposited more layers of polymers 
onto the outer shell, and finally removed the 
calcium carbonate by washing with EDTA. 
This yielded micrometre-sized, shell-within-
shell microcapsules, filled with proteins; like a 
cell, the proteins in the synthetic ‘nucleus’ were 
different from those in the ‘cytoplasm’.

Both cell and nuclear membranes are semi-
permeable — they permit some molecules to 
pass, but not others, which allows many essen-
tial reactions to be confined to either the nucleus 
or the cytoplasm. Although small molecules 
diffuse through synthetic membranes, many 
proteins and nanoparticles are retained within 
LbL capsules, so LbL shells can also selectively 
control which molecules pass through them. 

Kreft and colleagues1 used this effect to 
compartmentalize an enzyme reaction. They 
prepared a shell-within-a-shell system in 
which enzymes in the outer chamber oxidize 
water molecules to form hydrogen peroxide. 
The peroxide readily diffuses into the inner 
chamber, where it oxidizes an encapsulated dye; 
this produces a red colour that slowly diffuses 
back into the outer compartment. This proof-
of-principle reaction will no doubt spur inter-
est in other embedded reactions, and perhaps 
stimulate new designs for synthetic cells.

Compartmentalized structures that mimic 
cells have been generated using other mild 
processes. One interesting approach is to trap 
a solution of two polymers within a lipid vesi-
cle5; if the polymers and conditions are care-
fully chosen, a central pool forms in which 
only one of the polymers is dissolved; this is 
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